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Abstract
Until recently it has proved impossible to manipulate mitochondrial DNA 
(mtDNA) molecules of Saccharomyces cerevisiae in vitro at the genomic 
level because their structure makes them prone to degradation during 
experimental manipulation. Thus, many important aspects concerning the 
metabolism of the mitochondrial genome have been unapproachable. 
However, generation of "aberrant" respiratory competent mtDNA molecules, 
from high frequency petite producing strains, and their characterization 
by a like-oriented non-tandem duplication (Evans and Clark-Walker, 
1985), have provided a useful tool for further experimentation 
concerning the inheritance of the yeast mitochondrial genome.
Revertant strains in which the duplication was removed by rare mutations 
were described by Clark-Walker et al (1985a). In some cases the 
duplication was deleted together with some adjacent single copy regions 
and the resulting mtDNA molecules were characterized by a single 
extensive deletion of intergenic regions encompassing various ori/rep 
sequences. These deletion mutants were used to study the influence of 
particular intergenic sequences on the expression of the respiratory 
phenotype and transmission of the yeast mitochondrial genome.
The deleted sequences were shown to be dispensable for expression of the 
respiratory phenotype. Thus, it seemed surprising that these intergenic 
sequences had not been lost from mtDNA in the course of evolution. To 
determine whether intergenic sequences might play a role in their own
self-preservation, transmission of the deletion mutant mtDNAs from
zygotes to diploid progeny was studied. The output of mitochondrial loci
lacking nearby intergenic sequences was drastically reduced in crosses 
to strains with wild-type mtDNAs. However, the deficiency in the 
transmission of the mutant regions was not a simple function of deletion 
length and it also varied between different intergenic loci. Further 
experiments, using deletion mutant mtDNA molecules carrying specific 
antibiotic resistance mutations in the coding sequences of mtDNA, have 
enabled the output of loci unlinked to mutant intergenic loci to be 
followed. The results indicated that the presence of an intergenic 
deletion impairs the transmission of mitochondrial genomes as a whole. 
Thus, selection must operate during transmission of mtDNA molecules. 
More specifically, it seems that ori/rep sequences, present in the 
regions that have been deleted, along with their flanking sequences, 
confer a competitive advantage over genomes lacking a full complement of 
such sequences. Furthermore, ori/rep sequences were shown to be 
sensitive to single-strand-specific nucleases, the sensitive sites being 
related to particular sequences and also to the organization of ori/rep 
sequence domains. It is possible that an ori/rep sequence becomes 
functional only when specific secondary structure changes are induced in 
it, and this induction is also influenced by flanking regions. MtDNA 
molecules having short dynamic DNA structures bearing ori/rep elements 
may "saturate" an apparently limited number of other crucial elements 
involved in the process of transmission and thus out-compete other "less 
fit" mtDNA molecules present in the same cell.
In conclusion, the experiments presented in this thesis support the 
hypothesis that in general intergenic sequences have a biological role 
in genomes. However, yeast intergenic sequences may be primarily 
involved in the process of self-preservation. Thus, drastic variations
in the amount and structure of mitochondrial intergenic sequences in
various yeast species probably reflect processes of selective advantage 
operating in a particular micro- (cell or mitochondrion) and macro -
environment.
Abbreviations
A adenine
C cytosine
G guanine
T thymine
Et-Br ethidium bromide
bp base pair
kbp 1,000 base pairs
mtDNA mitochondrial DNA
rho+ respiratory competent
rho- not respiratory competent
SSC standard saline citrate
SDS sodium dodecyl sulphate
TE lOraM TrisHCl, ImM EDTA buffer pH 7.5
hfp high frequency petite forming
wt wild-type
C-value genome size
ss-nuclease single-strand-specific nucleases
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Chapter 1
GENERAL INTRODUCTION
2 .
I. INTRODUCTORY REMARKS
One of the differences between prokaryotes (including archaebacteria) 
and eukaryotes is the presence in eukaryotic cells of discrete 
subcellular organelles. Prominent among these are the nucleus, 
mitochondria, and plastids; all of which have their own genomes (Gray 
and Doolittle, 1982; Gray, 1983). Genomic partitioning in eukaryotes can 
be explained in two ways (Tzagoloff, 1982) .
(i) Nuclear genomes and organellar genomes initially inhabited different 
sorts of cells. Those cells formed symbioses (Allsopp, 1969; Margulis, 
1970; Dodson, 1979; Cavalier-Smith, 1983; Gray, 1983; Yang et al, 1985; 
Pi&kur, 1987) and subsequent alterations within, and exchanges between, 
genomes have resulted in the size and genetic capacity of the modern 
organellar genomes (Gray and Doolittle, 1982). This endosymbiont 
hypothesis assumes that both types of genome (nuclear and organellar) 
enjoyed a long period of independent evolution as separate genomic 
lineages in different "cells", before their union which resulted in the 
ancestor of the modern eukaryotic cell.
(ii) Nuclear and organellar genomes became physically compartmentalized 
and functionally specialized within a single cell. This autogenous 
origin hypothesis assumes that nuclear and organellar genomes diverged 
within a single cellular lineage from a genome (or genomes) already 
resident in this lineage (Raff and Mahler, 1972; Bogorad, 1975; Mahler, 
1983) .
Mitochondria are organelles present in the cytoplasm of most protozoan, 
animal, fungal and plant cells. These organelles have an outer membrane 
and an extensively folded inner membrane which encloses a fluid matrix
and is the site of oxidative phosphorylation. The components of 
mitochondria are encoded by nuclear genes and by a separate 
mitochondrial genome (Tzagoloff, 1982). The genome of mitochondria 
resides in a covalently closed circular DNA molecule (mtDNA) (Nass and 
Nass, 1963; Avers et al, 1968) . Exceptions are the linear mtDNA 
molecules of the ciliated protists (Goldbach et al, 1977), and certain 
fungi (Goddard and Cummings, 1977) including yeasts (Wesolowski and 
Fukuhara, 1981 ; Kovac et al, 1984). It is probable that mtDNA molecules 
are attached to organelle membranes at least some of the time (Attardi 
et al, 1975). Generally, isolated mtDNAs are not complexed with histones 
in the manner of nuclear DNA (Birky, 1978).
Each species has its own unique mtDNA and this is present in many copies 
in every cell and in each mitochondrion. In this sense mitochondria 
resemble highly polyploid cells with a haploid chromosome number of one. 
The mitochondrial genetic system is genetically semi-autonomous 
(Gillham, 1978) . A remarkable aspect of mtDNA is the occurence of nearly 
the same set of genes in the mitochondrial genomes of all species, 
although the size of mtDNA varies in different organisms. MtDNA in 
multicellular animals is an example of frugal sequence architecture. In 
most animals the size of mtDNA is remarkably similar, around 16 kilo 
base pairs (kb) (Wallace, 1982; Brown, 1983) . By contrast, mtDNA from 
various fungi, including yeasts, have genes "embedded" in non-coding 
sequences (Borst and Grivell, 1981 ; Clark-Walker, 1985; DeZamaroczy and 
Bernardi, 1985), a situation which is reminiscent of nuclear DNA from 
vertebrates and higher plants. Plant mtDNAs are even more variable, the 
size ranging from 15 kb in Chlamydomonas (Grant and Chiang, 1980) to 
2560 kb in muskmelon (Ward, et al, 1981) and in some species the mitochondrial 
genome is even dispersed between several molecules (Wallace, 1982 and
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Leaver et al, 1982). The size variation among various mtDNAs still 
represents an unsolved puzzle.
5 .
II. YEAST MITOCHONDRIAL DNA
Studies on yeast have made a significant contribution to the field of 
mitochondrial genetics. The main advantage of this organism for studying 
mitochondrial genetics is that it is a facultative anaerobe, so that 
mitochondrial function, and thus expression of mtDNA is not essential to 
cell viability. Non-lethal effects of genetic lesions affecting 
mitochondrial functions have facilitated the isolation and 
characterization of a number of mitochondrial mutants.
II.1. The structure of yeast mitochondrial DNA
Until recently it has proved impossible to isolate intact mtDNA 
molecules of Saccharomyces cerevisiae on a large scale because their 
structure makes them prone to degradation during preparation. Van 
Bruggen et al (1968) suggested that the linear molecules they observed 
represented fragments of a larger molecule which had degraded during 
isolation. Later Hollenberg et al (1970) demonstrated that mtDNA indeed 
exists as a circular, most probably supercoiled, molecule of the contour 
length in the range 21-27 jjm. Restriction endonuclease analysis 
confirmed the size of 65,000-80,000 base pairs (bp) depending on the 
yeast strain examined (Sanders et al, 1977).
The amount of mtDNA in yeast cells varies with genotype, ploidy, cell 
volume and with physiological conditions. The "average" haploid cell 
growing on a non-fermentable substrate has about fifty molecules of 
mtDNA, so that mtDNA level is in the range 5-25% of total DNA (Hall et
al, 1976 ; Birky, 1978) . However,the mtDNA content of a strain can be
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lowered by glucose (glucose repression) (Goldthwaite et al, 1974). MtDNA 
from Saccharomyces cerevisiae has a GC (guanine, cytosine) content of 
only 17%. As a result it has a bouyant density of 1.683 g/ml, while the 
nuclear DNA has a density of 1.698 g/ml (Bernardi, 1970) .
11.2. The genetic potential of mtDNA
Mitochondrial DNA encodes less than a dozen of the several hundred known 
proteins of the isolated mitochondria. The dependance of organellar 
biogenesis upon imported nuclear proteins is well documented. Even the 
import of nucleic acids into the organelle has been reported (Chong and 
Clayton, 1987) . The structural genes present on the yeast mitochondrial 
genome code for components of the electron transport chain, for subunits 
of the ATPase complex and for components of the mitochondrial 
translation machinery, namely ribosomal RNAs, twenty-five tRNAs, a 
ribosome associated protein (called varl) and a 9S^  RNA gene associated 
with the central part of the tRNA-synthesis locus (DeZamaroczy and 
Bernardi, 1985).
It was speculated that the hydrophobicity of mitochondrially encoded 
proteins necessitates synthesis iri situ, a situation which probably 
prevented translocation of their genes into the nucleus (Tzagoloff, 
1982). However, this hypothesis explaining the maintanance and 
conservation of the mitochondrial genome over long evolutionary periods 
seems paradoxical: recent results have shown that mtDNA-encoded genes, 
when suitably engineered and reintroduced into nuclear DNA, are capable 
of specifying mitochondrial proteins functionally indistinguishable from 
those synthesized within the organelle (Farrell et al, 1988 ; Gearing 
and Nagley, 198 6) . There appears to be nothing special about
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mitochondrial polypeptides that would require them to be synthesized in 
situ (Jacobs and Lonsdale, 1987). It has been supposed that in the 
evolution of the nucleus-organelle interactions the nuclear genome was 
progressively subverted to serve the needs of the organelle (presumably 
the invading symbiont), even if several genes were (probably) 
transferred from the organelle genome to the nucleus (Jacobs and 
Lonsdale, 1987).
II.3. Intervening sequences in the yeast mitochondrial genome
Several coding regions of the yeast mitochondrial genome are mosaic in 
structure. The LrRNA gene contains two introns, the largest, called 
omega, is 1122 bp long and is found in most strains of Saccharomyces 
cerevisiae. An open reading frame within omega encodes a protein which 
Is aetlwo -in OHOtasian afi tha intgen from -feho large primary fr ransrrri
(Sor an4— Fukuharat--198"£) . — — -pr-ofeein aloe actively promotes the
dispersion of the omega intron in the population of molecules within the 
cell (Jacquier and Dujon, 1985) via polar transmission of omega in 
crosses between omega plus and omega minus strains (Dujon, 1981 ; see 
also Section V.l.). The gene for subunit I of cytochrome oxidase 
contains six or seven introns (Bonitz et al, 1980) . Four introns contain 
open reading frames which are in phase with their preceeding exons. Two 
forms of the cytochrome b gene have been reported. The long version has 
five or six introns (Lazowska et al, 1980) whereas in the short, wild 
type version the first four exons are linked together (Nobrega and 
Tzagoloff, 1980) .
The varl gene encodes a ribosomal protein which is essential for the 
production of mature mito-ribosomes (Lambowitz et al, 1976). Frame
insertions have been reported in this gene (Butow et al, 1985) . Another
feature of this gene is the occurrence of invariant and optional GC-rich 
clusters. These are involved in non-reciprocal exchanges in the varl 
gene (gene conversion) (for review see Butow, 1985).
In conclusion: up to thirteen mitochondrial introns can be present in 
yeast mtDNA and they represent 15-22% of the genome (DeZamaroczy and 
Bernardi, 1985) . However, a respiring yeast strain devoid of 
mitochondrial introns has been constructed (Seraphim et al, 1987), 
demonstrating that yeast mitochondrial introns are not necessary to 
confer respiratory competence.
II.4. Intergenic sequences of yeast mtDNA
The mitochondrial DNA molecule of wild type Saccharomyces cerevisiae, 
with a GC content of only 17%, is largely made up of DNA stretches 
almost exclusively formed by alternating and non-alternating AT 
(adenine, thymine) sequences (Bernardi et al, 1970) . These AT-rich 
stretches are responsible for a number of "anomalous" physical (Erlich 
et al, 1972) and physiological (see Section III. of this chapter) 
properties of yeast mitochondrial DNA. Prunell and Bernardi (1974) have 
demonstrated that the AT spacers have a GC content lower than 5% and 
represent half of the genome, and that 10% of the genome consists of 
short stretches with 65% GC content. Use of the restriction enzymes 
splitting the GC sequences (Hpall, Haelll) revealed the existence of 
several GC clusters. The proximity of multiple Hpall and Haelll 
restriction sites in a large fraction of GC clusters indicated a certain 
degree of homology and potential palindromic secondary structures
8 .
(Prunell and Bernardi, 1974 and 1977) . More details have become
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available since primary structures have been elucidated (VanKreijl and 
Bos, 1977; for review see DeZamaroczy and Bernardi, 1986) .
The vast majority of GC clusters are located in AT-rich intergenic 
sequences and introns. The primary structure of GC clusters permit them 
to be grouped into eight different families, plus an additional family 
of ori/rep sequences (DeZamaroczy and Bernardi, 1986). It has been 
demonstrated that ori/rep sequences are active in replication (Baldacci 
et al, 1984), however they do not represent the only sequences which are 
involved in replication of yeast mtDNA (Hyman et al, 1983). Ori/rep 
sequences (Blanc and Dujon, 1980 ; DeZamaroczy et al 1979) are formed by 
three conserved GC clusters, A, B and C, separated by AT-rich stretches. 
In general, eight homologous ori/rep sequences are present at eight 
characteristic loci in the mitochondrial genome of wild-type yeasts 
(DeZamaroczy et al, 1984 ; Faugeron-Fonty and Goyon, 1985) . Ori/rep
sequences are also connected to the highly suppressive phenotype of some 
petite mitochondrial genomes (see Section III. of this chapter). A 
comparative study of these sequences in various strains based on 
expression of suppressive phenotype has revealed two classes of ori/rep 
sequences: "active" (which exhibit the highly suppressive phenotype) and 
"inactive". This physiological classification also corresponds to 
differences in primary structure: active (ori2, ori3, ori5 and some of 
oril) and inactive (ori4, ori6, ori7, ori8 and some of oril) sequences, 
which have an additional short insertion or rearrangement.
Seven out of eight families of GC clusters are related to A, B and C GC 
clusters of the ori/rep sequence. DeZamaroczy and Bernardi (1986) have 
proposed that most GC clusters apparently originated from primary 
clusters resembling the primitive origin of replication (primitive
10.
ori/rep sequence). In all yeast strains studied to date intergenic non­
coding regions have a greater degree of divergence than sequence coding 
parts. Divergence arises not only from single-base substitutions but 
also from insertions/deletions of small numbers of contiguous 
nucleotides as well as local rearrangements. Moreover, the variation can 
extend to the presence or absence of DNA segments of the order of 
hundreds of nucleotides in length (DeZamaroczy and Bernardi, 1985 ; 
Maxwell et al, 1986). Furthermore, comparative studies in other yeast 
species have indicated that homologous GC-rich intergenic sequence 
elements are absent (Clark-Walker et al, 1985). Given the strong cross­
hybridization between equivalent coding regions of various yeast species 
(Clark-Walker and McArthur, 1978), a lack of conservation and/or 
homology in intergenic parts is surprising.
However, analysis of mitochondrial intergenic AT stretches in 
Saccharomyces cerevisiae and Torulopsis glabrata (a yeast which 
completely lacks any GC clusters in its mitochondrial genome) has 
indicated some similarities in basic sequence patterns. It is suggested 
that AT spacers have been built in evolution by an expansion process 
involving duplication, inversion and translocation events which affected 
the initial oligonucleotide. This oligonucleotide might have arisen from 
an ancestral promoter-replicator sequence (DeZamaroczy and Bernardi, 
1987). In spite of the present diversity in primary structure evolution 
has probably conserved the collective physical properties, which can be 
achieved by various primary structures, of the intergenic sequences 
involved in replication of the genome (Mignotte et al, 1987; Chapter 5
of this thesis).
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Yeast mitochondrial intergenic sequences take part in several biological 
processes. They are involved in replication (Hyman et al, 1983 ; 
Baldacci et al, 1984), in generating petite mitochondrial genomes 
(Bernardi, 1979 ; see also Sections III. of this chapter) and possibly 
even in expression of the flocculation phenotype (Hinrichs et al, 1988 ; 
Holmberg and Kielland-Brandt, 1978). However, there is still much 
uncertainty about the other biological roles they play in the yeast 
mitochondrial genome.
II.5. Size variation in mtDNAs of yeasts
Studies on mtDNAs of various yeast species have revealed size variation 
in yeast mitochondrial genomes (Clark-Walker, 1985) . Most commonly they 
are between 25 and 40 kb, however the size ranges from 17.3 kb in a 
strain of Schizosaccharomyces pombe (Zimmer et al, 1984) to 101.1 kb in 
Brettanomyces custersii (Hoeben and Clark-Walker, 1986). The most 
striking aspect of smaller yeast mitochondrial genomes is that they 
contain almost identical set of genes. The size variations between these 
genomes can be attributed mainly to the absence of large AT-rich 
intergenic sequences in the smaller molecules (Hoeben and Clark-Walker, 
1986). Differences in size of various mtDNAs are thought to occur 
because in the smaller molecules intergenic sequence may have been 
eliminated, or in the larger molecules additional sequences may have 
been acquired (Hoeben, 1986) .
Considerable rearrangements of gene order are found when comparing 
mtDNAs of closely related yeasts. This could be interpreted as implying 
that gene order has not been conserved in evolution, suggesting that the 
expression of mitochondrial genes is not related to their arrangement in
1 2 .
the genome (Hoeben, 1986) . Since yeasts diverged from a common 
progenitor their mtDNAs have been in a state of flux, so that each 
modern molecule has been established by separate processes leading to 
rearrangements, insertions, deletions and duplications (Clark-Walker, 
1985). Thus, variations in the amount and structure of intergenic 
spacers can be seen as manifestations of processes that are of selective 
advantage in the metabolism of mtDNA in a particular intracellular 
environment and which do not drastically interrupt the respiratory 
phenotype (Chapter 4 of this thesis).
13.
III. PETITE MUTATIONS
Cells of Saccharomyces cerevisiae constantly produce mutants which are 
stable in vegetative reproduction and which are characterized by a 
reduced colony size (petite) on solid media in which a fermentable 
carbon source is the limiting factor. The reduced colony size is due to 
a respiratory deficiency of the mutant cells which represent 
approximately 1% of all colonies. However, cells from large, respiratory 
competent, colonies (grande) consistently produce the two types of 
colonies: grande and petite, while the cells from petite colonies give 
rise to small colonies only. A cytoplasmic location for the mutation has 
been indicated by its non-Mendelian behaviour in crosses between grande 
and petite strains (Ephrussi et al, 1949 ; Ephrussi et al, 1955). This
cytoplasmic location was further supported by findings of Wright and 
Lederberg (1957) who showed that only when the nucleus from a petite 
strain is transferred into a novel cytoplasm, is respiratory competence 
restored.
However, nuclear petites also exist, which are characterized by their 
Mendelian behaviour in genetic crosses, and are generated at a much 
lower frequency than cytoplasmic petite mutations (Clark-Walker and 
Miklos, 1974) .
III.l. Structure and generation of cytoplasmic petite mtDNAs
The first facts about the molecular basis of the cytoplasmic petite 
mutation came from Bernardi et al (1968) and Mehrota and Mahler (1968),
when mtDNAs from petite mutants were shown to have grossly altered base
14.
composition compared to grande mtDNA. These results suggested that gross 
alterations in the primary structure of mtDNA molecule can accompany the 
petite mutation. DNA-DNA hybridization studies and restriction 
endonuclease analyses of petite mtDNAs have indicated that the mutation 
is the result of large deletions from the mitochondrial genome. Mutants 
rarely retain more than half of the wild-type genome and in fact usually 
retain less than 10% (Sanders et al, 1973) . However, deletions are 
compensated for by reiteration of remaining segments of the wild-type 
sequence so that cells of petite mutants contain the same amount of 
mtDNA as grande strains (Faye et al, 1973). With the help of genetic 
markers it has been possible to isolate petite clones in which different 
parts of the wild type genome have been retained and reiterated (Deutsch 
et al, 1974).
Each petite clone contains numerous circular molecules, the size 
distribution of which conforms to a multimeric series which is 
characteristic for each mutant clone. The frequency distribution of 
molecules follows on a number basis a simple rule so that on a mass 
basis each class represents the same fraction of total mtDNA (Lazowska 
and Slonimski, 197 6) . Irrespective of the size of the deletion event, 
the proportion of cellular DNA represented by petite mtDNA is generally 
comparable to that in the wild type parental strain (Bernardi, 1979).
A commonly accepted hypothesis (Bernardi, 1979) explains spontaneous 
generation of the petite mutation as follows: the excised segment from 
the grande genome becomes the repeat unit of the petite genome. This may 
in turn undergo further deletions leading to secondary petite genomes 
having simpler repeat units. It is therefore difficult to identify the 
initial deletion event in petite formation as it is hard to establish how
15 .
far secondary events have progressed until the genome is completely 
stabilised.
AT-rich spacers form around half of the wild-type mitochondrial genome 
and are repetitive in nucleotide sequence (Prunell and Bernardi, 1974). 
Therefore, it is likely that these sequences are endowed with sequence 
homology long enough to allow illegitimate intramolecular site-specific 
recombination (Bernardi, 1979) . Detailed investigations of a number of 
spontaneous petites have shown that the ends of the repeat units in 
petite mtDNAs were formed most frequently by GC clusters and less 
frequently by AT spacers of intergenic sequences (Faugeron-Fonty et al, 
197 9) . The sequence data strongly suggest that the initial excision is 
due to a crossing-over process (Campbell, 1962; Bernardi, 197 9) .
Numerous nuclear gene mutations are known to further increase the 
already high spontaneous petite mutation rate (Johnston, 1979; 
Moustacchi and Heude, 1982; Rayko and Goursot, 1985). The degree of 
petite mutability is controlled by several genes in such a way that 
every single modifying gene produces only a relatively small enhancement 
of the petite mutability (Devin and Koltovaya, 1987).
III.2. Suppressivity phenotype
When cytoplasmic petite mutants are crossed with grande cells, the 
progeny may either consist entirely of wild type clones or a mixture of 
wild type and petite clones. In the first case the petites entering the 
cross are called "neutral" and in the second case "suppressive". In the 
former case some of these correspond to a class of petites,rho zerof
which lack mitochondrial DNA (Nagley and Linnane, 1970) . The degree of
16.
suppressiveness of a mutant strain is measured by the percentage of 
zygotes giving rise to petite clones minus the percentage of petites 
spontaneously occurring in the grande parent (Ephrussi et al, 1955) . The 
degree ofsuppressivenessvaries according to the petite mutant and to 
some extent to the wild-type used in the cross.
Hypersuppressiveness of petite mutants is definied by the criterion that 
close to 100% of daughter cells are entirely composed of petites. 
Although each zygote has received from the grande parent a population of 
mtDNA molecules, these molecules are not transmitted to the progeny. 
MtDNA molecules of highly suppressive petites reveal a common 
organization: they all share a homologous region of about 300 bp : an 
ori/rep sequence (Goursot et al, 1980; Blanc and Dujon, 1980) .
Earlier attempts to explain the mode of action of the suppressive petite 
genome included models based on destructive recombination (Coen et al, 
1970; Perlman and Birky, 1974; Clark-Walker and Miklos, 1974) and 
replication superiority of certain petite mutants (Carnevali et al, 
1969) . The demonstration that petite genomes in the progeny are 
physically and genetically identical to those of the petite parent 
excluded the model based on destructive recombination (Goursot et al, 
1980 ; Blanc and Dujon, 1980 ; Gingold, 1981) and supported to some 
degree the "out-replication" model. Blanc and Dujon (1980) suggested 
that mild suppressivity (around 50%) could simply be due to the fact 
that the total amount of mtDNA is roughly equal in grande and petite 
cells, so that due to the smaller genome size input of molecules is 
higher from the petite parents. However, a different mechanism must 
operate according to Blanc and Dujon (1980), in the case of neutral and 
highly suppressive petites.
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Ori/rep sequences, which are found in all highly suppressive petites, 
can initiate replication of mtDNA. It has been suggested that a high 
degree of reiteration of these apparent origins in highly suppressive 
genomes may lead to the out-replication in heteroplasmic zygotes 
(DeZamaroczy et al, 1979; Blanc and Dujon, 1980) . However, there is 
little evidence that these sequences represent the only mitochondrial 
replication origins (Baldacci et al, 1984). Several other regions apart 
from ori/rep are also capable of ars (autonomously replicating 
sequences) activity (Hyman et al, 1983; Delouya et al, 1987).
Chambers and Gingold (1986) postulated an alternative model in which the 
petite genomes possess a superior ability to be segregated into the 
buds. Such a competitive advantage may be the reason that only clones 
carrying the parental petite genomes are produced. This proposal has not 
yet been supported by direct evidence.
III. 3. Petite mutation in other yeasts
Petite mutations associated with large deletions in the circular mtDNA 
molecule have been reported for various yeast species. These yeast 
species are called petite positive yeasts. While the frequency of petite 
mutants generally increases with the genome size in various tested 
yeasts, the relationship is far from linear. On the other hand, among 
closely related yeast species, where mtDNA size varies drastically, the 
frequency of mutants hardly changes (McArthur, 1980) . Clark-Walker et al 
(1981) have suggested that other factors may have a greater influence 
than the genome size (and thus the length of intergenic sequences 
presumably involved in petite generation) in determining the frequency
of petite mutants.
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Some yeast do not yield cytoplasmically inherited respiratory deficient 
phenotypes characterized by grossly rearranged mtDNA and these are 
termed petite negative yeasts. Nevertheless, the respiratory-deficient 
phenotype can occur in some petite negative yeasts, but these mutants 
are chromosomally inherited (nuclear petites) (Clark-Walker and Miklos, 
1974) or they represent "point" mutations (mit-) in mtDNA (Dujon, 1981). 
It is still puzzling as to why it is not possible to obtain mutant 
petite mitochondrial genomes in yeasts which can tolerate the
respiratory deficiency.
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IV. THE RESTORATION OF RESPIRATORY COMPETENCE BY CROSSING PETITES
A feature of yeast petites is the occurence of deletions from the 
circular mitochondrial genome. Provided that deletions do not occur from 
one particular region in the mtDNA and that initially the deletions 
together do not exceed approximately half of the sequence, it should be 
possible to restore respiratory competence by mating spontaneous 
petites.
Although complementation between cytoplasmically inherited petites was 
unsuccessful for a long period (e.g. Slonimski et al, 1968), Clark- 
Walker and Miklos (1975) reported complementation to yield respiratory 
competent diploids in crosses involving spontaneous petites of recent 
origin. Some of the resulting diploids were highly unstable with regard 
to their production of petite genomes. Colonies of these diploids were 
observed to be highly sectored on non-fermentable media. This phenotype 
was suggested to be connected with abnormal mitochondrial genomes formed 
during restoration of respiratory competence (Oakley and Clark-Walker, 
1978). Later Evans et al (1985) reported that restored strains can be 
divided into two groups having sectored and unsectored colony morphology 
due to different petite frequencies. Restriction endonuclease analysis 
of mtDNA from restored strains having a low petite frequency (unsectored 
colonies) has shown that these strains recovered a wild type mtDNA 
fragmentation pattern. All examined restored strains having sectored 
morphology were found to contain stable aberrant mitochondrial genomes. 
A proportion of respiratory competent restored strains exhibited a high 
(higher than 60%) frequency of petite mutants (hfp). These strains
contained mtDNA with a non-tandem direct duplication that was probably
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prevented from rearranging to the parental wild-type molecule by a 
deletion in a non-essential region (Evans and Clark-Walker, 1985).
A possible rare event could remove the duplication in hfp mtDNA and thus 
stabilize the genome regarding petite frequency. Indeed, non-sectoring 
colonies were obtained spontaneously or induced by ethidium-bromide from 
hfp strains. Examination of mtDNA in these revertant strains indicated 
that a deletion event had removed one of the duplications, thus altering 
or restoring the wild type gene order (Clark-Walker et al, 1985). The 
generation of revertant mtDNAs by mating newly arisen petite mtDNAs and 
aberrant hfp mtDNAs is represented in Figure 3 of Chapter 6.
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V. RECOMBINATION, TRANSMISSION AND SEGREGATION OF YEAST mtDNA
The yeast mitochondrial genome is extremely active in genetic 
recombination. When haploid cells mate, some of the fifty mtDNA 
molecules enter the zygote from each parent and undergo rounds of 
pairing that can lead to recombination events between them.
V .1. Recombination and transmission
An understanding of the genetic properties of yeast mitochondrial genes 
has rapidly increased due to the isolation of mitochondrial antibiotic 
resistant mutations and their use as genetic markers in crosses (Linnane 
et al, 1968 ; Thomas and Wilkie, 1968) . The analysis of the results of a 
great number of multifactorial mitochondrial crosses has promoted 
development of a model describing the characteristic properties of 
mitochondrial genes and recombination and segregation of these genes 
(Dujon et al, 1974).
The mitochondrial genetic information is carried by a multiple copy 
genetic system (Dujon et al, 1974), although the number of active copies 
can differ even from cell to cell in a given strain. From the relative 
transmission of the alleles of the two parents it is possible to 
estimate the relative number of genetically active molecules of each
parent. This is called the input (Dujon, 1981) . Dujon (1976) has
postulated that recombination events between the different mtDNA
molecules of a zygote (or a cell) occur at random. Thus the
intracellular pool of molecules can be regarded as panmictic. This 
panmictic pool undergoes multiple recombination events of pairing and
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the number of events undergone by each molecule is randomly distributed 
around an average number of mating rounds for the total population.
Crosses between different haploid cells may result in very different 
outputs: these may be unbiased (alleles from both parents represented 
approximately equally among the progeny) or biased (preferential 
recovery of alleles from one of the parents among the progeny). There is 
compelling evidence that the input ratio of mtDNA molecules in a yeast 
zygote strongly affects the output in the progeny (Goldthwaite et al, 
1974 ;Birky et al, 1978), but it has also been shown that factors other 
than input may intervene to alter allele output in crosses between non- 
isonuclear strains (for review see Birky, 1978) . In crosses genetic 
markers are transmitted coordinately and recombination appears to be 
reciprocal. Recombination in yeast mitochondria is very efficient since 
markers of only 100 bp apart yield about 1% recombinants. Markers 
separated from each other by only 1000 bp behave as genetically unlinked 
and the maximum amount of recombination observed in reciprocal crosses 
is 20-25% (Dujon, 1981) .
There are several other types of recombination which are restricted to 
specific loci of the genome and are inherently non-reciprocal. 
Unidirectional gene conversion of specific alleles has been reported for 
the LrRNA and varl genes (for review see Butow, 1985). A remarkable pair 
of LrRNA alleles have been described: in genetic crosses between so 
called omega plus and omega minus strains, all of the omega minus forms 
are converted to omega plus (Dujon, 1980) . Associated with this 
conversion event is a phenomenon called polarity, defined as a gradient 
of unequal output of drug markers located in the vicinity of the omega
plus allele. Omega plus LrRNA genes differ from omega minus by the
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presence of an intron. Conversion of omega minus to plus requires the 
action of a protein encoded by the omega intron (Jacquier and Dujon, 
1985; Macreadie et al, 1985) . The presence of an active form of the 
omega intron is responsible for the omega plus phenotype (and the 
corresponding allele) (Dujon, 1980) .
V.2. Segregation
Genetic segregation is defined as the apparent separation of alleles 
from a heterozygous cell into different daughter cells. Alleles of 
nuclear genes in eukaryotes do not segregate during mitotic divisions, 
but segregation occurs during meiotic divisions. In contrast, alleles of 
mitochondrial genes segregate rapidly in most cases, so that a 
heteroplasmic parental cell which contains two different alleles of a 
locus on different molecules of mtDNA, eventually produces daughter 
cells that are homoplasmic (so that each cell contains only one allele 
or the other) (Birky, 1978) . In yeast mitochondrial crosses, after about 
twenty generations, the diploid cells issued from the zygotes are all 
homoplasmic, meaning that all mtDNA molecules in a given cell are 
identical (Dujon and Slonimski, 1976). In each generation, a proportion 
of the heteroplasmic cells will produce one or both homoplasmic progeny 
and eventually this process of sorting-out will reduce the frequency of 
heteroplasmic cells to zero. The heteroplasmic state is always transient 
and, so far, no method exists to maintain stable heteroplasmic cell 
lines.
Dujon et al (1974) have interpreted their results on transmission of 
drug markers into the first buds of zygotes as indicating that the 
number of segregating mitochondrial units is rather small in comparison
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to the total number of molecules. In addition, experiments based on the 
kinetics of formation of homoplasmic cells and pedigree analysis from 
other laboratories (Lukins et al, 1973; Wolf et al, 1973; Wilkie and 
Thomas, 1973; Aufderheide and Johnson, 1975) have suggested that 
segregation occurs at random (Dujon and Slonimski, 1976). Similarly, 
Birky et al (1978) suggested small numbers of segregating units entering 
the bud, and proposed a process involving random segregation with 
exhaustive sampling analysis. However, the average quantity of mtDNA in 
a first bud is around one third that of the zygote (approximately forty 
mtDNA molecules) (Sena et al, 1976).
Experiments analysing the effects of bud position in the process of 
segregation have shown that the partitioning of molecules is, at least 
initially, not completely random, because buds arising from one end of 
the zygote preferentially receive mitochondrial alleles from the parent 
cell that formed that same end (Callen, 1974 ; Strausberg and Perlman, 
1978). Thus, according to the postulate that a small number of units 
enter the first bud, the actual units of segregation in yeast might be a 
small number of mitochondria, each containing a population of mtDNAs of 
nearly identical genotypes. These units might be partitioned randomly 
between mother and daughter cells (Waxman and Birky, 1982) . Dujon (1981) 
also suggested that the rapid purification of heteroplasmic cells is 
compatible with a random segregation of a relatively large number of 
molecules if one assumes that some molecular mechanisms tend to amplify 
biases in the intracellular genetic pool and thus accelerate the 
purification. In other words, it is possible that a few mtDNA molecules 
in the zygotic pool can undergo multiple rounds of replication, while
the others do not replicate at all.
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In conclusion, although not specifically referred to above, the 
foregoing results do not preclude the possibility of a selective 
mechanism operating during transmission of the yeast mitochondrial 
genome.
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VI. AIMS OF THE PRESENT STUDY
During the past forty years many laboratories have carried out 
investigations on the mitochondrial genome of Saccharomyces cerevisiae. 
Though the majority of this genome is formed by non-coding intergenic 
sequences, most research has focused on the coding sequences. It should 
be noted that the yeast mitochondrial genome shares with the nuclear 
genomes of eukaryotes several fundamental properties, one of them being 
the excess of DNA over the amount required to code for gene products. 
Thus, any findings regarding the biological role(s) of intergenic 
sequences in the yeast mitochondrial genome may also apply to the 
general case of genome organisation in eukaryotes.
Moreover, as is clear from the information presented above, there are 
still many puzzles regarding yeast mitochondrial DNA, relating to 
segregation, transmission, suppressivity, etc. Thus, studies on 
intergenic sequences in connection with these phenomena may provide a 
window for better understanding of molecular processes operating in the
metabolism of yeast mitochondrial DNA.
Chapter 2
A 5 KB INTERGENIC REGION CONTAINING oril IN THE MITOCHONDRIAL 
DNA OF Saccharomyces cerevisiae IS DISPENSABLE 
FOR EXPRESSION OF THE RESPIRATORY PHENOTYPE
published in FEBS Lett (1988) 229: 145-149.
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SUMMARY
A mutant mitochondrial DNA of Saccharomyces cerevisiae strain R0.54 has 
been shown to have a 5 kb deletion which removes the oril sequence and 
its surrounding intergenic sequences between the pro tRNA and 15S rRNA 
genes. The deleted DNA has been sequenced and is found to be flanked by 
two 11 bp direct repeats. The deletion mutant displays a normal 
phenotype in non-fermentable media. This implies that the intergenic 
sequence is not required for expression of the respiratory phenotype.
Yeast mitochondrial DNA, intergenic sequences, recombination.
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INTRODUCTION
The mitochondrial DNA (mtDNA) of Saccharomyces cerevisiae is 
characterized by coding regions interspersed with intergenic regions. 
The intergenic regions consist of long AT spacers in which various GC 
clusters are embedded (DeZamaroczy and Bernardi, 1986) . Eight highly 
conserved ori/rep sequences are found in the intergenic regions. The 
ori/rep sequences consist of three GC-rich clusters and four AT-rich 
spacers and can be found with slight variation in all wild type (wt) 
strains (DeZamaroczy et al, 1984; Faugeron-Fonty, 1985). One such 
ori/rep sequence, oril is located between the pro tRNA and 15S rRNA 
genes (Gaillard et al, 1980).
A great diversity can be observed between mtDNA intergenic regions of 
various yeast species. For instance in the yeast Torulopsis qlabrata 
the intergenic regions consist of a dozen simple short AT spacers 
(Clark-Walker et al, 1985a) .
The possible biological roles of yeast mtDNA intergenic sequences are 
(i) that they are "selfish DNA" (Orgel et al, 1980) or (ii) that they 
participate together with coding parts in expression of the respiratory 
phenotype and stability of mtDNA (Bernardi, 1982). In this chapter the 
results of a study of a 5 kb long deletion of the intergenic region 
located between the pro tRNA and 15S rRNA genes are reported.
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MATERIALS AND METHODS
Yeast strains
Strain R0.54 (a, rho+, adel, his-3-532) was from a collection of stable 
rho+ revertants isolated from the high frequency petite(hFp) strain 
13.10s (see Results and Discussion of this chapter).
A restriction map of 13.10s and its parent, the wt strain D13.1a («£, "mtDNA" 
rho+, his-3-532, trpl) can be found in Evans and Clark-Walker (1985) and 
Evans et al (1985).
Growth rate of the strains
The growth rates of the wt strain D13.1A and R0.54 were measured by 
optical density (650 run) in a glycerol medium containing 2% glycerol, 
0.1% yeast extract and 1% bactopeptone.
Cloning and sequencing
Mitochondrial DNA of the R0.54 strain was isolated according to (Evans 
et al, 1985, see also Appendix) and digested with HinPI restriction 
enzyme which has the same recognition site as Hhal. The 0.54 kb HinPI 
fragment containing the deletion was electroeluted from a 0.6% agarose 
gel (ultra pure agarose from IBI). After chloroform-phenol extraction 
and ethanol precipitation it was cloned into the AccI site of the pUC13 
plasmid (pR0.54). The insertion fragment was subcloned in BamHI/Hindlll
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site of the M13 phage (mpl8 and mpl9) and sequenced from both ends by 
method of Sanger et al (1977), as described by Clark-Walker et al 
(1985b). The sequencing overlap is between the 134 bp site and the 405 
bp site (Figure 2B).
32.
RESULTS AND DISCUSSION
High frequency petite producing (hfp) mutants of Saccharomyces 
cerevisiae with sectored colony morphology are characterized by a 
directly oriented duplication in the mitochondrial genome (Evans and 
Clark-Walker, 1985) . Hfp mtDNA genomes can (spontaneously or by 
induction with ethidium-bromide) generate deletions of duplicated 
regions that result in stable revertant strains with smooth unsectored 
colony morphology. Revertant mtDNAs can have the normal gene order and 
are of a smaller size than wt mtDNA (Clark-Walker et al, 1985a).
The restriction pattern of Hhal and Hpal digest of D13.1A and R 0.54 
mtDNAs are shown in Figure 1 and Table 1. In R 0.54 mtDNA the 14.05 kb 
Hpal fragment of wt mtDNA is only 9.05 kb due to the deletion of a 5 kb 
sequence. Digestion with Hhal localised the deletion entirely within a 
wt 5.5 kb Hhal fragment which is 0.54 kb in R 0.54. The wt 5.5 kb Hhal 
fragment contains the pro tRNA and 15S rRNA genes and oril (data not 
shown). There are no other detectable differences between the D13.1A 
and R0.54 mtDNAs, indicating the R0.54 mtDNA has a normal gene order.
The 0.54 kb Hhal fragment of R0.54 mtDNA is represented in Figure 2A and 
its sequence is shown in Figure 2B. Coding regions of the pro tRNA and 
15S rRNA genes extend into the fragment at both ends. The published 
sequence extends 179 bp from the 5' end (Miller et al, 1983) and 537 bp 
from the 3' end (Sor and Fukuhara, 1982) . Comparison of the R 0.54 
sequence with these sequences indicates that the ends of the R0.54 
deletion are approximately 160 bp and 390 bp from the left and right 
ends of the Hhal fragment respectively, as shown in Figure 233. At these 
sites the known sequences from wt mtDNA match with each other over an
TABLE 1
Sizes (in kb) of Hhal and Hpal fragments from mtDNA of the D13.1A and 
RO.54 strains.
Hhal Hpal
D13.1A R0.54 D13.1A R0.54
21.30 21.30 25.15 25.15
14.40 14.40 22.50 22.50
10.85 10.85 14.05 9.05*
7.05 7.05 7.40 7.40
6.70 6.70 6.00 6.00
5.50 - 3.50 3.50
4.65 4.65 2.40 2.40
4.35 4.35
2.35 2.35
2.15 2.15
1.30 1.30
- 0.54*
0.40 0.40
A fragment with a deletion is indicated by a symbol (*).
Figure 1
Electrophoresis in 1% agarose gel of mtDNA from R0.54 digested with Hpal 
(1) and Cfol (2). The novel junction fragment is arrowed. Marker
fragments (in kb) are in the lane labeled M.
'S ölia of WIa o T  *
kb
23.1
9.4
6.5
4.4
2.5 
2.3
2.0
1.6
0.87
0.54
0.39
Figure 2
Diagram and sequence of the 0.54 kb Hhal fragment from the R0.54 strain.
(A) Diagram. Fragments of two genes extending into the fragment and a GC 
cluster are indicated by thick bars. The location of the novel junction 
sequence which is the result of deletion is indicated by a black 
triangle.
(B) Sequence. The changes relative to a previously published sequence 
around the pro tRNA gene extends 179 bp from the 5'-end (ref.l sequence 
from Miller et al, 1983) are indicated above the R0.54 sequence. The 
changes in the region adjacent to the 3'-end of the fragment from wt 
mtDNA (ref.2 sequence from Sor and Fukuhara, 1982) are indicated bellow 
the sequence. Base substitutions are indicated by (□ ). Deletions are 
indicated by ( A. ) and insertions by ( ▼ ) . The coding regions of both 
genes extending into the sequence are underlined. A direct repeat of 11 
bp which is present in all three sequences and is a possible site of 
recombination events is underlined by a broken line. ( ■) A lack of 
homology between the sequence and each of the referential sequences 
(ref.l and ref.2) as soon as it extends beyond the repeat.
A
pro tRNA GC c lus te r  15S rRNA
Hh a l
A
H h a l
1 0 0  bp
▼
B5 ’
pro tRNA T T A A T T
1 T ▼
GCGCTTTCTTTGGGAGAAAGACCTAGTTAGTTCGAGTCTATCCTATCXGAT A A T A A T T T A A T --------------
A A A AC A TA
63 □ □ D a o a  □ ▼
A A C C A T T A A A A A A A A G T A TA TA TA TT TA TC A TA A TA TA TT A A T TTT TA TT A C A TT A C A A TT G A A C A —
AATA
129 ▼
-CTTTTATTT-ATATTTATAAAAATATGAACTCCTTCGGGGTCCGCCCCGCGGGGG---------CCGGA
« ™  A  A O
GCCGT
188
C T A A T T T A A C T T T T A A T A T T A A T A T T A A T A T T A T T T A T A T T T T T -A A T A T A T A A A A A T A A A T A A T T T T
A
T
255
A T T T T TA T T AA T AGTA TA T T ATA TAAACAAT AAA A T A G TA TT A A T T A T A T -A A A T T T A T A T A A A A T A T
A
A
322
A T A T A A A T T T A T T A T A T A T A T A T A T A T T A A T A T T T T A A T A A A G T T T T T A T T A T A A A T T T A T T T A T T T A□□
AT
390
T T T A T T A T -A A T A T T A A T A A T T T A T T T A T T A T T A T A T A A G T A A T A A A T A A T A G T T T T A T A T A A T A A T A
A □  --------------------------------------  “
A A
15S rRNA
457
ATAATA TA TA TA TA T AT AT AT TA TT A TA TTA G T TA TA TA A TA A G G A AA A G TA A AA A AT TT AT A AG A A T
ATGATGTTGGTTCAGATTAAGCGC
525
9“ “ “ 3 ’
ref. 1
ref. 1
ref. 1 
ref.2
ref.2
ref .2
ref .2
ref.2
ref .2
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llbp long sequence (5'AC^CCTTCGGG 3'). This short sequence was 
presumably involved in the processes which resulted in the loss of the 
duplication from 13.10s mtDNA when R0.54 mtDNA was generated. Figure 3 
shows how site-specific recombination involving the short direct repeats 
could have caused this.
The only marked differences from the previously reported sequences 
(Figure 2B) are a 6 bp deletion located 62 bp downstream from the 5' 
end, another 6 bp deletion located 129 downstream from the 5' end and a 
4 bp deletion located 366 bp upstream from the 3' end of our sequence.
As the sequences derive from different wt strains, the observed 
differences could all be natural polymorphisms. Similar differences 
were observed between the sequences reported for the 3' end of the 5.5 
kb Hhal fragment (Sor and Fukuhara, 1982; Osinga and Tabak, 1982) .
As a result of the deletion, two genes pro tRNA and 15S rRNA separated 
in wt mtDNA by approximately a 5.3 kb intergenic sequence (Evans and 
Clark-Walker, 1985) are separated in R0.54 mtDNA by only a 0.38 kb long 
AT-rich DNA sequence containing one GC cluster (Figure 2A). Apart from 
the previously mentioned sequenced ends, only a short sequence 
containing oril from the middle of the wt 5.5 kb Hhal fragment has been 
reported (DeZamaroczy and Bernardi, 1986; Gaillard et al, 1980).
To ascertain whether the 5 kb region deleted from R0.54 mtDNA contains a 
sequence essential for growth on non-fermentable substrates, growth 
rates were determined. The growth rate in glycerol medium of the mutant 
R0.54 was 0.23 generations per hour compared with 0.22 generations per 
hour for its wt parent D13.1A. These results indicate that the deletion
Figure 3
The 13.10s mitochondrial genome, from which R0.54 is derived, contains a 
lik.e-oriented duplication (A and B). The duplication B which undergoes 
deletion is surrounded with the two (a and b) 11 bp direct repeats. The 
excision-deletion intramolecular process leads to the generation of 
R0.54 mtDNA. The duplication B has been deleted together with some 
single copy regions adjacent to the duplication. Only one direct repeats
(a/b) has remained in the novel mtDNA.
recombination
a
X
b
deletion
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in R0.54, which removes much of the region between pro tRNA and 15S rRNA 
together with oril, does not affect the respiratory phenotype.
The function of intergenic sequences in the replication and stability of 
the yeast mitochondrial genome is still speculative. However these 
results show that revertants of hfp strains can be useful tools in 
further experiments concerning the role of intergenic sequences.
Chapter 3
TRANSMISSION OF YEAST MITOCHONDRIAL LOCI TO PROGENY 
IS REDUCED WHEN NEARBY INTERGENIC REGIONS 
CONTAINING ori/rep SEQUENCES ARE DELETED
published in Mol Gen Genet (1988) 213: (in press)
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S U M M A R Y
Mitochondrial DNAs (rntDNA) from four stable revertant strains generated 
from high frequency petite forming strains of Saccharomyces cerevisiae 
have been shown to contain deletions which have eliminated intergenic 
sequences encompassing oril, ori2 and ori7. The deleted sequences are 
dispensable for expression of the respiratory phenotype and mutant 
strains exhibit the same relative amount of rntDNA per cell as the wild 
type (wt) parental strain. These deletion mutants were also used to 
study the influence of particular intergenic sequences on the 
transmission of closely linked mitochondrial loci. When the mutant 
strains were crossed with the parental wt strains, there was a strong 
bias towards the transmission into the progeny of mitochondrial genomes 
lacking the intergenic deletions. The deficiency in the transmission of 
the mutant regions was not a simple function of deletion length and 
varied between different loci. In crosses between mutant strains which 
had non-overlapping deletions, wt rntDNA molecules were formed by 
recombination. The wt recombinants were present at high frequencies 
among the progeny of such crosses, but recombinants containing both 
deletions were not detected at all.
The result indicate that mitochondrial genomes can be selectively 
transmitted to progeny and that two particular intergenic regions 
positively influence transmission. Within these regions other sequences 
in addition to ori/rep affect transmission.
Key words : Saccharomyces cerevisiae, mitochondrial DNA, intergenic
sequences, transmission, genetic crosses.
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I N T R O D U C T I O N
High frequency petite forming (hfp) strains of Saccharomyces cerevisiae 
with sectored colony morphology are characterized by a non-tandem direct 
repeat in the mitochondrial genome (Evans and Clark-Walker, 1985) . Hfp 
mtDNAs can generate deletions of duplicated regions (Clark-Walker et al, 
1985) through short direct repeats flanking the duplications (Chapter 
2). Revertants from the hfp strains are characterized by a low petite 
frequency and they can have two types of mitochondrial genome . In one 
case the duplication is lost to yield a molecule with the normal gene 
order , in the other instance a rearrangement is produced (Clark-Walker 
et al, 1985) . During the generation of revertant mtDNAs , segments of 
the wild type ( wt ) intergenic sequences can be deleted (Chapter 2). 
These mtDNA deletion mutants can provide useful tools in experiments 
concerning the possible biological roles of intergenic sequences.
When two wild-type mitochondrial genomes are crossed , genetic markers 
from both parents are evenly distributed to the diploid progeny (Dujon 
and Slonimski , 1976). Mutations in coding regions have no effect on 
transmission of mtDNA (for review see Dujon, 1981). However, a cross 
between suppressive respiratory-deficient petite mutants and wt strains 
produces a large proportion of diploids that exhibit exclusively petite 
progeny (Ephrussi et al, 1955). The mtDNAs of several highly suppressive 
petites have been shown to be composed entirely of intergenic sequences 
encompassing a functional ori/rep sequence (deZamaroczy et al, 197<\; 
Blanc and Dujon, 1980). The mode of action of suppressive petites was 
originally proposed to be destructive recombination (Perlman and Birk\j, 
1974) or replicative superiority (Carnevali et al, 1969). The
demonstration that petite genomes in diploid progeny from a cross are
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both physically (Blanc and Dujon, 1980) and genetically (Gingold , 1981) 
identical to those of the petite parent , excluded the destructive 
recombination model. Similarly, the work on petite replication 
efficiency excluded the out-replication model and suggested that 
enhanced transmission of mtDNA could be based on segregational 
efficiency (Chambers and Gingold , 198 6) . However , there is still much 
uncertainty about the mechanism of transmission of mtDNA .
We have used mutant mtDNAs characterized by deletions of intergenic 
sequences to study the influence of these sequences on transmission of 
mtDNA into the progeny . The results show that two particular intergenic 
sequences positively influence transmission of mitochondrial loci , 
suggesting that the transmission of mtDNA to progeny is a selective
process.
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M A T E R I A L S  A N D  M E T H O D S
Yeast strains
D13.1A and T3/3 are the parental strains of all hfp and stable revertant 
strains used in this study and they contain the same wild-type mtDNA 
(Evans et al, 1985). T4/4 is a haploid with similar origin as T3/3 and 
its mtDNA originates from D13.1A. Revertants were obtained as nuclear 
isogenic diploids from the collection of Dr. G.D. Clark-Walker (The 
Australian National University). Our experiments focused on stable 
revertants with the normal gene order. The revertants were named after 
Cfol fragments spanning the deletions: E15.7, E14.9, R3.1 and 2.9. The
strain R.0.54 was described previously (Chapter 2) . E type revertants 
originated from 9.6s3 hfp , and R type revertants from 13.10s hfp 
(Clark-Walker, personal communication). Haploid revertant strains used 
in transmission experiments are summarized in Table 1. Restriction maps 
of mtDNA from 13.10s hfp, 9.6s3 hfp and D13.1A can be found elsewhere 
(Evans and Clark-Walker , 1985). A Cfol map of mtDNA of D13.1A is shown 
in Figure 1.
Media
GlyYP contains 2% of glycerol , 0.1% of yeast extract and 1% of
bactopeptone. GYP contains 2% glucose , 0.1% of yeast extract and 1% of
bactopeptone. MinGly contains 2% glycerol and 7g/l of Difco yeast 
nitrogen base. If necessary, other supplements were added to that 
medium. Sporulation medium contains only 0.5% potassium acetate. The 
above media were solidified when required by 1.5% agar.
TABLE 1
Yeast strains
strain genotype origin
Strains with a wild type mitochondrial DNA:
D13.1A
T3/3
T4/4
o/, his3-532, trpl K Struhl
a, adel, arg4-16 GD Clark-Walker
a, adel Clark-Walker
The following strains were derived from diploid revertants obtained from 
the collection provided by Clark-Walker:
R3.1 
R3.1/1 
R3.1/4 
R3.1/6 
R3.1/7 
R2.9 
R2.9/3 
R2.9/10 
R0.54/1
diploid
a, his3-532, trpl 
a, adel 
oL, arg4-16 
a, arg4-16 
diploid
a, adel, his3-532 
U r  arg4-16 
a, adel, his3-532
E14.9 
E14.9/3 
El4.9/7 
E14.9/9 
E14.9/11 
E15.7 
E15.7/7 
E15.7/10 
E15.7/13
diploid 
oCf trpl 
a, adel
oC r  his3-532, trpl 
a, his3-532, trpl 
diploid 
oC, arg4-l 6 
a, arg4-16 
oC, his3-532, trpl
Figure 1
A physical map of the D13.1A mitochondrial genome with Cfol sites 
(lines) (Evans and Clark-Walker, 1985) and the approximate location of 
ori sequences (black triangles). Oril is located in the 5.5 kb fragment,
ori2 in the 4.35 kb fragment and ori7 in the 14.4 kb fragment.
LrRNA
ox/3
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Preparation of isomitochondrial haploids
An overnight culture of a diploid strain was streaked on sporulation 
medium. Plates were incubated at room temperature for a couple of weeks 
and then the cells were harvested. Single cells were obtained from 
tetrads after zymolyase and sonication treatment. Potential haploids 
were tested on minGly media containing various supplements to determine 
their growth requirements . The mating type was determined from crosses 
with the standard haploid strains : D13.1A, T3/3 and T4/4.
Mapping of mtDNAs
MtDNA was prepared using zymolyase treatment (Nasmyth and Reed, 1980) 
followed by centrifugation in CsCl in the presence of Hoechst dye 
(bisbenzimide, H33258). The DNA was digested with Cfol, Hpal and PvuII 
and the fragments separated on a 1% agarose gel. Sizes were determined 
with standards : Hindlll digested lambda DNA and EcoRI digested phage 
SSP-1 DNA. DNA fragments were transfered to nylon membranes and were 
hybridized to 32P-labelled probes : P2 which contains the 15S rRNA
(SrRNA) gene (Sor and Fukuhara, 1980), the plasmid pR0.54 (Chapter 2), 
various ori/rep probes : oril, ori3 and ori5 (Blanc and Dujon,1982;
Maxwell et al, 1986), DS14 which contains the oli2 gene (Macino and 
Tzagaloff, 1980) and the 4.35 kb Cfol fragment from D13.1A which 
contains the glu tRNA gene. Labelled probes were prepared from the 
fragments spanning deletions of revertant mtDNAs and hybridized to the 
wt mtDNA. DNA-DNA hybridization and preparation of radioactive probes is
described elsewhere (Clark-Walker and Sriprakash, 1981).
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Mapping of ori sequences
Variations in the presence of ori sequences in various wt strains have 
been reported (Faugeron-Fonty and Goyon, 1985) . MtDNAs of D13.1A and the 
revertant strains was digested with Cfol, EcoRI, Xhol, SphI, PvuII, 
Bglll and BamHI and the fragments separated on a 1.5% agarose gel and 
transferred to nylon membranes. The filters were hybridized with various 
ori/rep sequences.
Characterization of the revertant strains
The growth rates of the haploid strains were assessed by measuring the 
optical density at 650 nm of cultures growing in GlyYP and GYP . MtDNA 
reaches the highest copy number (up to 123 copies per haploid cell, 
Birky, 1978) when yeast is grown in a non-fermentable medium. To 
estimate the relative amounts of mtDNA in the revertants, nuclear and 
mitochondrial DNAs were isolated from CsCl gradients containing whole 
cell lysates. Hoechst dye was removed by iso-propanol extractions and 
the concentrations of nuclear and mitochondrial DNA from the same 
gradient measured by absorbance at 260 nm. The relative amount of mtDNA 
per cell was then determined as the ratio of mitochondrial to nuclear 
DNA. For most mutants, this ratio was determined in two different 
nuclear backgrounds.
Transmission experiments
A large population of diploids can be obtained by random mass mating 
between the two parents ("standard cross" method) as described by Dujon 
(1981). The haploid strains were grown overnight in GlyYP medium and 10 
yul of each culture were transferred into 5 ml of GYP and incubated 
overnight. The cells were washed and transferred into the selective
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medium. After approximately eight generations the culture was streaked 
on a solid selective minGly. Total cellular DNA was isolated from 
randomly chosen colonies which appeared on the selective plates using 
the method described by Nasmyth and Reed (1980). DNAs from the cell 
lysates were digested with one of the following enzymes: Cfol, Hpal, 
PvuII. The fragments were separated on 1% agarose gels, transferred to 
nylon membranes and the mtDNA fragments detected by hybridization with 
the labelled probes: wt mtDNA, ori/rep, P2 and the 4.35 kb Cfol 
fragment.
4 3.
R E S U L T S
Mapping of mutant mtDNAs
Mitochondrial DNAs from four revertant strains: E15.7, E14.9, R3.1 and 
R2.9 were mapped to define the presumptive deletions in these strains. 
Cfol digests of D13.1A , E15.7 and E14.9 mtDNAs are shown in Figure 2A . 
Sizes of the Cfol and CfoI/PvuII fragments from mtDNA of these strains 
are summarized in Table 2. In mtDNA of E15.7 and E14.9 the 4.35 kb Cfol 
fragment is missing (Figure 2A , tracks 2 and 3). The second largest 
fragment in both strains is larger than the wt 14.40 kb Cfol fragment. 
The length of this fragment is 15.7 kb in E 15.7 and 14.9 kb in the 
strain E 14.9 (Table 2). Hybridization with the oli2 gene probe and the 
wt 4.35 kb Cfol fragment indicates that the novel fragment in both 
strains is derived from the wt 14.40 and 4.35 kb Cfol fragments (data 
not shown). The deletions span the Cfol site which is normally located 
between the glu tRNA and oli2 genes. The mtDNA of both E mutants is 
smaller than that of wt. The novel junction fragments from both strains 
(6.20 kb CfoI/PvuII from E 15.7 and 14.95 kb Cfol from E 14.9) which 
carry the deletions were used as radioactive probes to determine whether 
the novel fragments still contain remnants of the hfp strain 
duplication. As summarized in Table 4 the junction fragments from both 
strains hybridized strongly only to the wt 14.40 and 4.35 kb Cfol 
fragments, indicating that most , if not all of the hfp duplication was 
deleted. In the case of the 6.20 kb CfoI/PvuII fragment (E15.7), some 
cross-hybridization to other fragments was detected due to the presence 
of an ori sequence in the probe. Therefore the presence in the mtDNA of 
E15.7 of short lengths of DNA derived from the duplication can not be
ruled out (Table 4).
Figure 2
A.
Electrophoresis in a 1% agarose gel of mtDNAs from D13.1A (1), E15.7 
(2), E14.9 (3) digested with Cfol. The 4.35 fragment is missing in the 
channels 2 and 3, but the second largest fragment in both channels 
exhibits a higher molecular weight than 14.40. The fragments with 
apparent mobility of 2.5 kb and 2.3 kb are actually 2.35 kb and 2.15 kb, 
respectively due to a gel artefact.
B .
Hybridization of a blot from the same gel with the ori3 probe. The novel 
fragments in the channel 2 and 3 exhibit a changed hybridization. Marker 
fragments are in the channel m and the size of fragments is in kilo-base
pairs.
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Figure3
A.
Electrophoresis in a 1% agarose gel of mtDNAs from R3.1 (1) and R2.9 (2) 
digested with CfoI/PvuII. The 5.5 kb fragment is missing, instead a 
novel fragment of 3.05 and 2.90 kb is observed.
B.
Hybridization of a blot from the same gel with the oril probe. The novel 
fragments do not hybridize.
C.
Electrophoresis in a 1% agarose gel of mtDNAs from R0.54 (1), R2.9 (2), 
R3.1 (3) and D13.1A (4) digested with Cfol. The 5.5 kb fragment is
missing in all three R mtDNAs.
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TABLE 4
Hybridization of fragments spanning deletions to the wild type Cfol 
fragments.
fragment origin(strain) hybridizable wt fragments
3.05 kb Cfol R3.1 5.5 kb Cfol
2.90 kb Cfol R2.9 5.5 kb Cfol
14.95 kb Cfol E14.9 4.35 kb Cfol and 14.40 Cfol
6.20 kb CfoI/PvuII E15.7 4.35 kb Cfol and 14.40 Cfol
In some experiments (with the 3.05 kb Cfol and 6.20 kb CfoI/PvuII
fragments) there was detectable cross--hybridization to unrelated
fragments and also to fragments related to the duplication due to
presence of various GC clusters in the probe and target fragments.
Therefore the presence of short lengths of DNA derived from the 
duplication can not be ruled out. The washing conditions were 2 X SSC 
with 0.1% sarkosyl at 56dC. SSC is standard saline citrate.
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CfoI/PvuII digests of R3.1 and R2.9 mtDNAs are represented in Figure 3A. 
The fragment sizes from the two different digests are summarized in 
Table 2. The wt 5.5 kb Cfol fragment was not detected in either strain, 
but a novel Cfol fragment of 3.05 kb in R 3.1 and 2.90 kb in R 2.9 was 
observed (Figure 3A,C). Probe P2 containing the SrRNA gene and the 5' 
end of pR0.54 containing the 3' end of the pro tRNA gene both hybridized 
to the novel Cfol fragments (data not shown). Thus the deletions are 
entirely located in the wt 5.5 kb Cfol fragment. When the junction Cfol 
fragments ( 3.05 kb and 2.9 kb ) were used as a probe, they hybridized 
strongly only to the wt 5.5 kb Cfol fragment in a Cfol digest of wt 
mtDNA, indicating that most, if not all, of the hfp duplication was 
removed (Table 4). These deletions are similar to the deletion described 
in the R 0.54 strain, but smaller (Chapter 2).
As a result of the deletions two genes: oli2 and glu tRNA in the case of 
the E strains and pro tRNA and SrRNA in the case of the R strains have 
been brought closer to each other. The lengths of the deletions and the 
mtDNA sizes of the mutants are summarized in Table 3.
Ori sequences are deleted from the mutant strains
In order to locate ori sequences in D13.1A mtDNA, various restriction 
digests were hybridized to the ori probes (Figure 2B , 3B). The 
approximate location of ori sequences in mtDNA of D13.1A is shown in 
Figure 1. The positions are similar to the map of other wt strains which 
usually contain eight ori sequences (Faugeron-Fonty and Goyon, 1985) . 
Three ori sequences (Figure 1) are located at the R and E loci. Oril 
occurs between the pro tRNA and SrRNA genes in the 5.5 kb Cfol fragment. 
Between the glu tRNA and oli2 genes there are two ori sequences which
are separated by a Cfol site. Ori2 is located on the 4.35 kb Cfol
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fragment and ori7 is on the 14.40 Cfol fragment (deZamaroczy and
Bernardi, 1986 ).
In order to determine whether the deletion mutants had lost any ori 
sequences, restriction digests of mtDNA from the mutants were hybridized 
with the ori probes. The novel Cfol fragments from the R strains did not 
hybridize to the oril probe (Figure 3B) or to any other ori probes (data 
not shown). Therefore the deletions in R3.1 and R2.9 must encompass the 
oril sequence. In the case of the E mutants the novel Cfol fragments 
represent a fusion of two wt Cfol fragments. Ori2 in the 4.35 kb Cfol 
fragment of D13.1A hybridizes very strongly to the ori3 probe while the 
14.4 kb fragment carries ori7 and hybridizes only weakly (Figure 2B). 
The 14.95 kb Cfol fragment from E 14.9 hybridizes very weakly with all 
of the ori probes including ori3 (Figure 2B). However this slight 
hybridization is probably due to the presence of GC-rich clusters in 
both the ori/rep probe and the intergenic sequences of the 14.95 kb Cfol 
fragment (deZamaroczy and Bernardi, 1986), since similar weak
hybridization was detected to the 2.35 kb and 2.15 kb Cfol fragments 
which contain no ori sequences (Figure 2B). Therefore both ori2 and ori7 
have probably been deleted from this mtDNA. However it cannot be ruled 
out that a trace of ori2 or ori7 remains. The 15.7 kb Cfol fragment from 
E15.7 hybridizes significantly but weakly to the ori3 probe (Figure 2B) . 
Therefore some ori sequences remain in this mutant: ori7 may be present 
but ori2 deleted, or all of ori7 and part of ori2 may have been deleted. 
The results on deleted ori sequences are summarized in Table 3.
Respiratory phenotype and mtDNA levels are unaffected
The mitochondrial genome is involved in expression of the respiratory
phenotype. Growth rates and mtDNA levels were examined in the mutant
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strains to ascertain whether intergenic sequences might influence these 
mitochondrial functions. Haploid mutant strains and the parental strains 
were grown in non-fermentable media. Growth rates (Table 3) in GlyYP are 
similar for all strains. It seems therefore that the deleted sequences 
are not essential for expression of the respiratory phenotype. The 
growth rates in glucose medium are also similar among the mutants and 
the parental strain. The amount of mtDNA and nuclear DNA was measured in 
the cells harvested from GlyYP. The relative ratio between nuclear and 
mitochondrial DNA did not vary markedly between the mutants and the wt 
parent. Therefore it is likely that all strains contain similar amount 
of mtDNA per cell in non-fermentable medium (Table 3).
Intergenic sequence deletions affect transmission
Intergenic sequences are dispensable for expression of the respiratory 
phenotype (Table 3), but they may contribute to some other properties of 
the mitochondrial genome. For this reason transmission of the mutant 
mtDNAs was studied. In the following sections the term locus is used to 
refer to any particular site on the mtDNA including sites at which 
deletions have occured. The term allele is used to distinguish different 
deletions at a particular locus from each other and from the wild type 
structure. The deletion mutants were crossed to the parental wt strains 
and among themselves. As the relative amount of mtDNA per haploid cell 
seems to be similar (Table 3), the input of mtDNA from the parents 
should not greatly influence output of mtDNA to the progeny. The growth 
rate of the mutant strains (Table 3) is not influenced by the deletions, 
so an over-growth of a particular diploid is unlikely. MtDNA from 
randomly obtained diploids from each cross were analysed with 
restriction enzymes. The participating mitochondrial genomes were
isogenic for all loci except the deleted ones. The progeny were screened
TABLE 5
Characterization of the progeny for parental mitochondrial DNA loci 
after mating between various yeast strains. Numbers and percentage 
represent portion of the examined diploids which are characterized with 
a particular mtDNA type.
A. Crosses between wild type strains and mutant strains, 
cross progeny
parent 1 X parent 2 (wt) parent 1 parent 2 (wt) mixed
R3.1/4 X D13.1A 0 10 (100%) 0
R3.1/6 X T4/4 1 (5%) 19 (95%) 0
R2.9/3 X D13.1A 1 (3%) 30 (94%) 1 (3%)
RO .54/1 X "DA3 . M 0 20 (100%) 0
E14.9/7 X D13.1A 2 (10%) 18 (86%) 1 (5%)
El4.9/3 X D13.1A 2 (10%) 18 (79%) 0
E15.7/13 X T3/3 5 (16%) 25 (78%) 2 (6%)
E15.7/10 X D13.1A 3 (13%) 20 (87%) 0
B. Crosses between mutants with overlapping deletions.
cross
parent 1
R3 .1/4 
R3.1/6 
R2.9/10
E15.7/7 
E15.7/10
progeny
x parent 2_ parent 1 parent 2_
x R 2 .9/10 
x R 0 .54/1 
x R 0 .54/1
15 (47%) 14 (44%)
17 (85%) 3 (15%)
21 (88%) 1 (6%)
x E14.9/7 
x El4.9/9
12 (55%) 9 (41%)
8 (40%) 11 (60%)
mixed
3 (9%) 
0
1 (6%)
1 (4%) 
0
C. Crosses between mutant strains with non-overlapping deletions
cross 
parent _1
El4.9/11 
El4.9/7 
E14.9/3 
E14.9/3 
E15.7/7 
E15.7/7
progeny
x parent 2_ parent 1 parent 2_ recombinant
wild type
x R2.9/10 2 
x R3.1/6 4 
x RO.54/1 5 
x R3.1/7 2 
x R3.1/1 6 
x R0.54/1 6
(20%) 3 (30%) 5 (50%)
(18%) 4 (18%) 14 (64%)
(23%) 6 (27%) 11 (50%)
(18%) 1 (9%) 8 (73%)
(26%) 6 (26%) 11 (48%)
(25%) 5 (21%) 13 (54%)
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only for relative transmission of the loci marked by the deletions and 
not for other mitochondrial markers. When wt strains were crossed with 
the E mutant strains, the wt alleles appeared at high frequency in the 
progeny compared with the mutant E alleles (Table 4A). In the case of 
the R-type mutants, the wt R allele was obtained almost exclusively 
(Table 5A). The frequency of the E-type alleles among the progeny was 
higher than that of the R-type mutant alleles in these crosses. The 
occurrence of diploids containing both parental types of mtDNA was low 
(<6%) .
Mutants with overlapping deletions were crossed among themselves to 
compare the effects of the different deletions on transmission. A cross 
between E15.7 and E14.9 did not exhibit a biassed transmission of either 
allele (Table 5B). This result is consistent with the results obtained 
from the crosses of the E mutants to wt, where both mutant alleles 
exhibited similar transmission frequencies (10-20%) . Therefore, despite 
the fact that E 15.7 mtDNA is characterized by a shorter deletion than E 
14.9 and carries some remnants of ori7 or ori2, the transmission 
properties of the two genomes do not differ. Similarly, there was no 
bias in the transmission of the R 3.1 and R 2.9 alleles when these two 
mutants were crossed. In crosses of R0.54 to R3.1 or to R2.9 , the R0.54 
allele was poorly transmitted (<15%), consistent with the undetectable 
transmission of this allele in crosses to wt. Crosses between these 
mutants, whose deletions overlap, did not result in generation of any 
new recombinant mtDNAs (data not shown).
Crosses between non-overlapping mutants were performed to study 
competition between the R and E mutant loci. Wt mtDNAs were regenerated 
in these crosses as a consequence of recombination between the parental 
genomes (Table 5C). Genomes having deletions at both loci (double
mutants) were not detected in such crosses. The recombinant wt molecule
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was obtained at high frequencies and it usually represented 
approximately half of the progeny . The two parental genomes were 
represented at about equal frequency, close to 25% in most crosses. Most 
surprisingly, in crosses between the R mutants and E mutants, the mutant 
R alleles were transmitted at an equal frequency to the mutant E 
alleles, despite the fact that E and R locus mutations are not 
transmitted equally well in crosses with wt. This was particularly 
striking in crosses of mutant R0.54 to the E mutants, where the R0.54 
mutant allele was transmitted at an equal frequency (21-27%) to the E 
mutant alleles (23-25%) (Table 5C).
Distribution of mtDNAs in the progeny obtained from various crosses is 
shown in Table 5". These results were reproducible (data not shown).
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D I S C U S S I O N
Yeast strains containing deletions of specific intergenic regions in 
their mtDNA have been used to examine the possible functions of the 
intergenic sequences. Revertant mtDNAs exhibited the normal gene order, 
and a duplication which was present in the parental hfp strain appeared 
to have been completely removed together with some adjacent single copy 
regions. Deletions occured at two loci: one between the pro tRNA and
SrRNA genes (R locus) and the other between the oli2 and glu tRNA genes 
(E locus). The R locus has already been shown to be dispensable for 
expression of the respiratory phenotype (Chapter 2). Similarly, it is 
shown here that the E locus can be lost from mtDNA without affecting 
respiratory function of mitochondria. The deleted intergenic regions 
encompass three ori/rep sequences: oril, ori2 and ori7. It had been
previously proposed that the first two were involved in the high 
suppressivity phenotype of some petite mutants (Goursot et al, 1980; 
Blanc and Dujon, 1980) . Since yeast mtDNA readily undergoes deletion 
giving rise to petite mutants (Bernardi, 1982) it seemed surprising that 
these "unnecessary" intergenic sequences were not lost from mtDNA. To 
determine whether the deleted intergenic sequences might have a role in 
their own self-preservation, transmission of the mutant mtDNAs from 
zygotes to diploid progeny was studied. Following the first few cell 
divisions after the zygote has formed, most of the cells are already 
homoplasmic for one allele or another (Birky, 1978), despite the fact 
that about 100 copies of mtDNA are present in the zygote. It has been 
proposed that either the transfer of mtDNA molecules into the buds is
not random and selection is based on the genotype of each mtDNA
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molecule, or the segregation is random, but the number of copies that 
enter each bud is very small (Dujon, 1981).
In this study, the haploid strains were all obtained from sporulating 
diploids with identical nuclear genotypes in order to minimise the 
influence of nuclear genes on transmission of the mitochondrial loci in 
the crosses.
In crosses of wt strains to the R or E mutants, the wild type alleles 
were preferentially transmitted to the progeny. The frequency of 
transmission of the R locus deletions was lower (0-5%) than that of the 
E locus deletions (10- lb%). No transmission bias was observed in 
crosses between the two E mutants or between the R mutants R3.1 and 
R2.9: in these two crosses the two deletions in the cross were at the 
same locus and were of comparable size. In contrast, the R0.54 deletion, 
which is much larger, was poorly transmitted (6-15%) in crosses to R2.9 
and R3.1. In crosses of R mutants to E mutants, wt mtDNA molecules were 
generated by recombination (Figure 4) and these were strongly 
transmitted. In contrast, the reciprocal recombinant with both mutations 
was not detected in any of the crosses encompassing 112 diploids in 
total. A surprising feature of the E X R crosses was the relatively 
strong transmission of the R alleles, including R0.54. From the results 
of the crosses to wt (Table 5A) it was predicted that the R alleles , 
especially R0.54, would be poorly transmitted in crosses to the E 
mutants, which possess a wt R locus. In fact, the R mutant alleles, 
including R 0.54, were transmitted equally well as the E mutant alleles. 
Taken together, the data in Table 5 clearly indicate that deletions of 
intergenic sequences at the E and R loci adversely affect output of 
those loci from a cross. Growth measurements and measurements of mtDNA 
levels (Table 3) argue against major effects on mtDNA contribution from
the parents, or on overgrowth of mating cultures by particular progeny.
Figure 4
A cross between mutant mtDNA molecules which are characterized by non­
overlapping deletions (R x E). A deletion is represented by a cross on 
the genome. Three different genomes can be detected in the progeny: a 
wild type recombinant which is the most frequent molecule in the progeny 
and the parental molecules. A recombinant molecule which has both
deletions was not detected.
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A bias in output could be explained by two models. The first model is 
gene conversion where mutant alleles would be converted to wild type by 
a non-reciprocal recombination event. The second model is that the 
deletions confer a selective disadvantage on mtDNA molecules carrying 
those deletions. The large difference in the transmission of the R 
mutations in crosses of R mutants to wt (<5%) as compared to crosses of 
the R mutants to the E mutants (10-30%) is not consistent with the gene 
conversion model since the E locus should have no effect on the rate of 
gene conversion model at the R locus. The results instead favour the 
second model, that the intergenic sequences encompassing various ori/rep 
at the R and E loci play a role in selective transmission of mtDNA 
molecules to daughter cells. This conclusion is further supported by the 
observation that transmission of unlinked antibiotic resistance markers 
is also biased in crosses of wt to the E and R mutants ( Chaptsr 4
) . The model is consistent with the hypothesis that highly 
suppressive petites, whose mtDNA consists entirely of ori/rep sequences, 
dominate transmission because of enhanced segregation efficiency into 
buds (Chambers and Gingold, 1986) and/or outreplication advantage 
(Carnevali et al, 1969) .
The very high bias (>95%) in crosses between wt and R0.54 suggest that 
there can be extensive interaction between all mtDNAs in a zygote. This 
conclusion contrasts with reports of limited zone of recombination 
between parental mtDNA molecules (Dujon and Slonimski, 1976; Waxman and 
Birky 1982; Zinn et al, 1987), but concords with reports of much higher 
recombination rates (Fonty et al, 1978) .
The deletions at the R locus have a much more severe effect on 
transmission than the E locus deletions, despite the fact that the E
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deletions are larger than two of the R deletions. Therefore, in the 
mitochondrial genome studied here (from D13.1A) the region defined by 
the R deletions and encompassing oril has a much stronger influence on 
transmission than the region defined by the E deletions, encompassing 
ori2 and ori7.
A further important conclusion from these results is that intergenic 
sequences other than the ori sequences may also be important in 
transmission: all the R mutants lack oril, but R0.54, which has a much 
larger deletion that R3.1 and R2.9, is much more deficient in 
transmission.
The mitochondrial DNA of Saccharomyces cerevisiae is characterized by 
coding regions interspersed with long intergenic regions. We propose 
that these intergenic regions are retained in the yeast mitochondrial 
genome because they enhance their own competitiveness in transmission 
and the competitiveness in transmission of neighbouring loci.
Chapter 4
TRANSMISSION OF THE YEAST MITOCHONDRIAL GENOME TO PROGENY
THE IMPACT OF INTERGENIC SEQUENCES
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SUMMARY
In a previous chapter (Chapter 3) it was shown that the output of yeast 
mitochondrial loci lacking nearby intergenic sequences (encompassing 
ori/rep elements) was reduced in crosses to strains with wild-tvpe 
mtDNAs. In the work presented here, mitochondrial genomes carrying the 
intergenic deletions were marked at unlinked loci by introducing 
specific antibiotic resistance mutations against erythromycin, 
oligomycin and paromomycin. These marked genomes were used to follow the 
output of unlinked regions of the genome from crosses between the 
intergenic deletion mutants and wild-tvpe strains.
Transmission of genetically unlinked markers in the coding regions was 
substantially reduced when an intergenic deletion was present on the 
same genome. In general the transmission of the antibiotic markers was 
the same as or slightly higher than the corresponding intergenic marker. 
These results indicate that the presence of an intergenic deletion in 
the regions studied impair the transmission of a mitochondrial genome as 
a whole to progeny. More specifically, the results suggest that ori./rep 
sequences, present in the regions that have been deleted, confer a 
competitive advantage over genomes lacking a full complement of such 
sequences.
These results support the hypothesis that intergenic sequences, and 
specifically ori/rep elements, have a biological role in the 
mitochondrial genome. However, regarding the exclusive presence of 
ori/rep sequences in the genus Saccharomyces it is concluded that these 
sequences evolved in (or invaded) the mitochondrial genome relatively 
late in the evolution of the yeasts. In conclusion, variations in amount
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and structure of intergenic sequences in various yeasts can be seen as 
manifestations of processes that are of selective advantage in the 
metabolism of mitochondrial DNA in a particular environment and do not 
drastically interrupt the respiratory phenotype.
mitochondrial DNA, yeast, intergenic sequences, transmission of genomes, 
molecular evolution, genetic crosses.
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INTRODUCTION
The coding potential of mitochondrial genomes contrasts greatly with the 
large size variation observed among the mitochondrial DNA (mtDNA) 
molecules of different yeast species (Clark-Walker, 1985). This C-value 
paradox (Cavalier-Smith, 1985) may be explained by two hypotheses. The 
skeletal-DNA hypothesis suggests that DNA possesses quantitative non- 
genic functions in addition to its qualitative genic functions (Bernardi 
and Bernardi, 198 6) . This proposes that non-coding sequences of the 
yeast mitochondrial genome specifically participate in the genome 
organisation and metabolism (Bernardi, 1982). Alternatively, an 
extension of the selfish DNA hypothesis (Orgel et al, 1980) explains the 
C-value paradox by proposing that much DNA in the yeast mitochondrial 
genome is a genetic symbiont that accumulates and is actively maintained 
by intragenomic selection.
Intergenic sequences represent almost two thirds of the Saccharomyces 
cerevisiae mitochondrial genome. However, at least some of these 
sequences are dispensable for expression of the respiratory phenotype 
(Chapter 2 and Chapter 3 of this thesis). On the other hand, intergenic 
sequences play a role in initiation of mtDNA replication (Baldacci et 
al, 1984 and Hyman et al, 1983) and participate in spontaneous deletion- 
recombination processes leading to mutant respiratory-deficient genomes 
(Bernardi, 1979) .
In a previous chapter (Chapter 3) it was shown that intergenic sequences 
influence transmission of nearby loci to progeny. The experiments 
described here demonstrate that complete mitochondrial genomes lacking
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specific intergenic sequences are poorly transmitted to progeny, and 
imply an active role for intergenic sequences in propagating yeast mtDNA 
and/or themselves. These conclusions are further discussed regarding the 
possible mechanisms operating during transmission of the yeast
mitochondrial genome.
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MATERIALS AND METHODS
Yeast strains
The origin and a description of Saccharomyces cerevisiae strains 
with mtDNA characterized by deletions of intergenic sequences can be 
found elswhere (Clark-Walker et al, 1985a; Evans et al, 1985; Chapter 2 
of this thesis). Strains with an E-type deletion, E14.9 and E15.7, lack 
mitochondrial intergenic sequences (encompassing ori2 and ori7, or ori2, 
respectively) mapping between the glu tRNA and oli2 genes. R-type 
deletion mutants (R0.54, R3.1 and R2.9) lack mitochondrial intergenic 
sequences encompassing oril and mapping between pro tRNA and SrRNA genes 
(Chapter 2 and Chapter 3 of this thesis). Antibiotic resistance markers 
(oli-R, par-R and ery-R) were introduced into mutant and parental wild- 
type (wt) mtDNAs by manganese mutagenesis (see Mutagenesis and 
antibiotic resistance). Haploid strains used in transmission experiments 
are described in Table 1. A Cfol map of mtDNA, indicating the position 
of deletions and antibiotic markers, is shown in Figure 1.
Media
GlyYP contained 0.1% yeast extract, 1% bactopeptone and 3% glycerol. In 
GYP, glycerol was replaced by 2% glucose. MinGly contained 0.7% yeast 
nitrogen base and 3% glycerol and other supplements were added when
necessary. Solid media contained 1.5% agar.
TABLE 1
Strains of Saccharomyces cerevisiae
nuclear mitochondrial markers
markers
antibiotic deletion in kb
resistance (locus, ori sequence)
T3/3 a ade arg / / ( wt )
T3/3-OÜ-R a ade arg oli-R / ( wt )
T3/3-par-R a ade arg par-R / ( wt )
T12/1 öC trp his / / ( wt )
T12/1-ery-R <£ trp his ery-R / ( wt )
T4/4 a ade / / ( wt )
D13.1A oC trp his / / ( wt )
D13.lA-oli-Rl oC trp his oli-R / ( wt )
D13.1A-OÜ-R2 oC trp his oli-R / ( wt )
El4.9/3 trp / 3.80 ( E, ori2&7)
E14.9/3-oli-R oC trp oli-R 3.80 ( E, ori2&7)
E14.9/3-ery-R oC trp ery-R 3.80 ( E, ori2&7)
E15.7/10 a arg / 3.05 ( E, ori2)
E15.7/13 cC ade arg / 3.05 ( E, ori2)
E15.7/13-ery-R ade arg ery-R 3.05 ( E, ori2)
R0.54/1 a ade his / 4.95 ( R, oril)
RO.54/1-ery-R a ade his ery-R 4.95 ( R, oril)
R0.54/1-oli-R a ade his oli-R 4.95 ( R, oril)
R0.54/H -oli-R-ery--R a ade his oli-R, ery-R 4.95 ( R, oril)
R3.1/6 oC arg / 2.40 ( Rf oril)
R3.1/6-ery-R a r (3 ery-R 2.40 ( R, oril)
R2.9/3 a ade his / 2.55 ( R, oril)
R2.9 /10 cC arg / 2.55 ( Rf oril)
ery-R designates resistance for erythromycin, oli-R for oligomycin and 
par-R for paromomycin;
the location of E and R intergenic loci can be found in Figure 1.
Figure 1
A Cfol map of D13.1A mitochondrial DNA (Evans and Clark-Walker, 1985) 
representing mutations conferring antibiotic resistance (oli, par and 
ery) and the position of deletion loci (E and R). Deletions of 
intergenic sequences were more precisely described in previous chapters 
(Chapter 2 and Chapter 3). Black triangles point the position of ori/rep 
sequences. R deletions spann oril and E deletions ori2 and in the case
of El4.9 also ori7.
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Antibiotics were added to solid GlyYP media at the following 
concentrations: oligomycin 2mg/l, paromomycin 0.4g/l and erythromycin 
lg/1.
Mutagenesis and antibiotic resistance
Haploid strains were grown in GYP overnight. 1M MgCl^, to a final 
concentration of 30mM, and one volume of GYP, were then added. After 
incubation at 30^C for four hours, the cells were washed and plated onto 
selective antibiotic media. Resistant colonies which appeared after 
several days were tested for stability, and their resistance was mapped. 
The parental wt strains (D13.1A, T3/3, T4/4 and T12/1) were used to 
confirm the non-Mendelian inheritance of antibiotic resistance (Dujon, 
1982). For further mapping two strains:
863-2C (a ura, rho+ parl-r mikl-r olil-l-r eryl-r capl-r) (Sriprakash et 
al, 1976), a gift of Dr. B Lukins, and
DR1-11D ( o C  ura his trp, rho+ anal01-r ery221-r cap321-r olil-l-r 
par454-3) (Gingold, 1981), a gift of Dr. E Gingold, were used.
The erythromycin resistance phenotype was in all strains genetically 
linked to the LrRNA gene, oligomycin resistance to the olil gene and 
paromomycin resistance to the SrRNA gene (Figure 1). These conclusions 
are in accord with the literature (for review see Dujon, 1981) . Alleles 
corresponding to resistance or sensitivity at the same locus were 
designated as -R or -S, respectively.
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Standard cross
Cells of each haploid culture in late exponential phase, grown in GlyYP, 
were mixed in fresh GYP at 10^ cells/ml. The cross was performed at 30°
C, and the mixture shaken for several hours. Cells were then washed and 
resuspended in minimal selective media and incubated overnight. The 
cells were then plated onto selective media and the resultant zygote 
clones were tested for antibiotic resistance and restriction patterns C$ 
their mtDNA.
MtDNA analysis
Diploids obtained after mating were grown in 2ml of GlyYP medium. Cells 
were harvested by centrifugation and washed with sterile water. Pellets 
were resuspended in protoplasting solution (0.5M sorbitol and 0.05M EDTA 
pH 8.5) with 14mM ß-mercaptoethanol and 3 units/ml of zymolyase, and 
incubated at 30°C for one hour. Protoplasts were sedimented by 
centrifugation and lysed by addition of 50mM EDTA pH 8.5 containing 0.2% 
sodium dodecyl sulphate (SDS) and 2jil/ml of diethyl pyrocarbonate. The 
lysate was then incubated at 70°C for 15 minutes. SDS was precipitated 
by 5M potassium acetate and removed by centrifugation. Nucleic acids 
remained in the supernatant and were precipitated by addition of two and 
a half volumes of ethanol. The precipitate was drained and then 
resuspended in lOmM TrisHCl pH 7.5, ImM EDTA and 10jlg/ml RNAaseA and 
incubated at 37°C for half an hour. Gentle phenol/chlorophorm extraction 
removed proteins, and DNA was finally precipitated with three volumes of 
ethanol. The DNA was analysed by restriction enzymes (Cfol, PvuII and
Hpal) and the restriction fragments were separated on agarose gels and
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visualised by hybridization with various 32-P labelled mitochondrial DNA 
probes. The probes employed are described in detail in previous chapters 
(Chapter 3).
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RESULTS
Transmission of antibiotic markers
The missing mitochondrial intergenic sequences in the deletion strains 
encompass three ori/rep sequences: oril in R0.54, R3.1 and R2.9, ori2 in 
E15.7 and ori2 and ori7 in E14.9 strains (Chapter 2 and Chapter 3 of 
this thesis) . Three drug resistance markers were introduced into mtDNA 
at different loci by mutagenesis. These markers are represented by the 
following pairs of alleles: oli-R/oli-S, par-R/par-S and ery-R/ery-S, 
which can be distinguished on the basis of resistance or sensitivity to 
oligomycin, paromomycin and erythromycin, respectively. In the following 
paragraphs wt ("wild-type”) will be used to designate mitochondrial 
genomes lacking intergenic deletions, irrespective of the presence of 
antibiotic markers.
Strains having mtDNAs exhibiting allelism in coding regions (antibiotic 
markers) and intergenic regions (deletions) were used in genetic crosses 
and daughter diploid cells were screened for antibiotic resistance. When 
two wt strains (T12/l-ery-R X T3/3-OÜ-R) were mated, the transmission 
of both loci carrying antibiotic markers (oli-R/S and ery-R/S) was 
correlated, and transmission frequencies (56% and 45%) were found to be 
within the limits of non-biased transmission characteristic for genetic 
crosses between iso-nuclear parental strains (Wolf et al, 1973; Birky, 
1978). Recombination frequency between the two markers (Ra=23%) (Table 
2A) in this cross fell in the limit to 20-25% characteristic for 
genetically unlinked loci (for review see Dujon and Slonimski, 1976).
TABLE 2
Transmission of antibiotic markers
TABLE 2A
Transmission of antibiotic markers : wt X wt, E X wt and E X E <
cross marker transmission
T3/3-OÜ-R x Tl2/l-ery-R oli-R 45%
A
(94/2VQ)
ery-R 56% (117/210)
Ra=23% (49/210)
E14.9/3 x T3/3-OÜ-R oli-R 78% (84/108)
E 15.7/13 x T3/3-OÜ-R oli-R 72% (78/108)
E14.9/3-oli-R x T3/3 oli-R 30% (33/108)
E14.9/3-ery-R x T4/4 ery-R 38% (41/108)
E 14.9/3 x T3/3-par-R par-R 71% (77/108)
E15.7/10 x Tl2/l-ery-R ery-R 79% (86/108)
E15.7/ 13-ery-R x T3/3-OÜ-R oli-R 61% (66/108)
ery-R 36% (39/108)
Ra=39% (42/108)
E14.9/3-ery-R x E15.7/10 ery-R 53% (57/108)
TABLE 2B
Transmission of antibiotic markers: R X wt and R X R crosses
cross
RO.54/1 x D13.lA-oli-Rl 
RO .54/1 x D13.1A-OÜ-R2 
RO.54/1-oli-R x T12/1-ery
R2.9/3 x T12/l-ery-R
RO.54/1-oli-R x R3.1/6
RO.54/1-oli-R x R2.9/10
RO.54/1-oli-R x R3.1/6-ery-R
marker transmission
oli-R 92% (88/108)
oli-R 92% (131/142)
oli-R 24% (26/108)
ery-R 76%
Ra=.
(83/108)
33% (35/108)
ery-R 63% (67/108)
oli-R 32% (34/108)
oli-R 36% (39/108)
oli-R 39% (28/72)
ery-R 60%
Ra=
(44/72)
28% (20/72)
TABLE 2C
Transmission of antibiotic markers: R X E crosses
cross marker transmission
RO .54/1 x E14.9/3-oli-R oli-R 45% (32/72)
RO .54/1-ery-R x E14.9/3 ery-R 52% (56/108)
RO . 54/1-oli-R x E14.9/3 oli-R 57% (41/72)
RO . 54/1-oli-R-ery-R x E15 .7/13 oli-R 45% (61/134)
ery-R 49% (66/134)
Ra=51% (69/134)
Ra represents recombination frequency between two antibiotic alleles. 
Transmission frequency of a particular marker is represented as 
percentage; the number of resistant diploids and the total number of 
screened diploids are shown in brackets.
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In crosses between wt and deletion mutant strains, a bias in 
transmission of antibiotic markers was observed (Table 2A and 2B). The 
transmission of antibiotic markers from mtDNAs characterized by 
intergenic deletions was decreased. For E-type mutants (E14.9 and 
E15.7), the average transmission frequency of antibiotic markers which
were genetically unlinked to the deletions was approximately 30+9%
(Table 2A). In the case of R0.54 strains the average transmission
frequency was 19+10% (Table 2B). These biases in transmission of
antibiotic alleles from mutant mtDNAs are less than the biases in 
transmission of the intergenic loci themselves (14-22% in the case of E- 
type deletions and 0-6% in the case of R-type deletions, Chapter 3 of 
this thesis) probably due to recombination (see below), slightly 
different nuclear background of the participating strains and possible 
additional mitochondrial mutations introduced into the mtDNAs during 
mutagenesis .
In E X E and E X R crosses, the transmission frequencies of antibiotic 
alleles clustered around 50% (Table 2A and 2C). These results are in 
accord with previous observations (Chapter 3 of this thesis) that a bias 
in transmission of intergenic loci marked by deletions was not detected 
in E X E and E X R crosses. In crosses between R0.54 and other R 
strains, antibiotic alleles originating from R0.54 mtDNA were 
transmitted to the progeny at frequency 32-40% (Table 2B). However, the 
transmission frequencies of the R0.54 allele itself in R0.54 X R crosses 
were much lower than this (6-15%, Chapter 3 of this thesis).
One noteworthy feature of the data is that in all three crosses 
involving two antibiotic markers and one intergenic deletion, the 
recombination frequencies (Ra) between the two antibiotic markers (28%,
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33% and 39%) (Table 2A and 2B) exceeded the normal maximum of 20-25% 
(Dujon, 1981) . In the comparable wt X wt cross (Table 2A), the 
recombination rate between the antibiotic markers was 23%. In the R X E 
cross (Table 2C) the frequency of recombinants was as high as 51%. These 
results will be discussed further in the next section.
To obtain a clearer picture of the transmission of the yeast
mitochondrial genome, both kinds of markers (in coding and intergenic
sequences), were analysed in the progeny of various crosses.
Transmission of antibiotic and intergenic markers
Yeast mitochondrial genetic markers which are distant from one another 
by more than about 1500 base pairs are normally genetically unlinked 
(Dujon, 1981). However, the recombination frequency between any two 
unlinked markers does not generally exceed 20-25% in non-biased crosses 
(e.g. cross T3/3-OÜ-R X T12/l-ery-R in Table 2A) , and the output of 
alleles at different loci from one parent are always highly correlated, 
probably because many mtDNA molecules entering a zygote do not 
participate in recombination (Zinn et al, 1987). In the experiments 
described below, the mtDNA molecules carry one or more of five genetic 
markers located at the E or R intergenic loci. These markers are shown 
in Figure 1 and are all genetically unlinked.
In each cross, around 35 diploids, chosen randomly, were tested for 
antibiotic resistance and for the restriction patterns of their mtDNAs. 
The data from the crosses are shown in Tables 3A, 3B and 3C. Several
general points can be made about the data.
TABLE 3
Transmission of antibiotic resistance and intergenic alleles in various 
crosses. Transmission frequencies are in brackets.
TABLE 3A
Transmission frequencies of antibiotic and intergenic markers: E X wt 
and E X E  crosses.
cross: E14.9/3-ery-R x T4/4
intergenic alleles
E14.9 (23%) wt (^7%)
antibiotic markers
ery-R (34%) 
ery-S (66%)
6 (17%) 6 (17%)
2 (6%) 22 (60%)
cross: E15.7/13 x T3/3-OÜ-R
intergenic alleles 
E15.7 (25%) wt (75%)
antibiotic markers
oli-S (25%) 6 (17%) 3 (8%)
oli-R (75%) 3 (8%) 24 (67%)
cross: E14.9/3 x T3/3-OÜ-R
intergenic alleles 
E14.9 (25%) wt (75%)
antibiotic markers 
oli-S (25%) 
oli-R (75%)
7 (19%) 
2 (6%)
2 (6%) 
25 (69%)
cross: E15.7/13 x T3/3-par-R
intergenic 
E15.7 (20%)
antibiotic markers
par-S (23%) 5 (14%)
par-R (77%) 2 (6%)
cross: E14.9/3 x T3/3-par-R
intergenic 
E15.7 (21%)
antibiotic markers
par-S (27%) 3 (9%)
par-R (73%) 4 (12%)
cross: E15.7/10 x T12/l-ery-R
intergenic 
E15.7 (6%)
antibiotic markers
ery-S (23%) 4 (6%)
ery-R (77%) 0
cross: E14.9/3-ery-R x E15.7/10
intergenic 
E14.9 (46%)
antibiotic markers
ery-R (52%) 10 (29%)
ery-S (48%) 6 (17%)
alleles 
wt (80%)
3 (9%) 
24 (71%)
alleles 
wt (79%)
6 (18%) 
20 (61%)
alleles 
wt (94%)
12 (17%) 
53 (77%)
alleles 
E15.7 (54%)
8 (23%)
11 (31%)
TABLE 3B
Transmission frequencies of antibiotic and intergenic markers: R X wt 
and R X R crosses.
cross: RO.54/1 x D13.1A-OÜ-R
antibiotic markers 
oli-S (15%) 
oli-R (85%)
intergenic alleles 
R0.54 (6%) wt (94%)
0 5 (15%)
2(6%) 26 (79%)
cross: RO.54/1-oli-R x T12/l-ery-R
intergenic alleles
RO .54 (15%) wt (85%)
antibiotic markers
oli-R ery-S (3%) 1 (3%) 0
oli-R ery-R (20%) 0 7 (20%)
oli-S ery-S (20%) 1 (3%) 6 (17%)
oli-S ery-R (57%) 3 (9%) 17 (48%)
cross: T12/l-ery-R x R2.9/3
intergenic alleles 
R2.9 (34%) wt (66%)
6 (17%) 6 (17%)
6 (17%) 17 (49%)
antibiotic markers 
ery-S (34%) 
ery-R (66%)
cross: RO.54/1-oli-R x R3.1/6
intergenic alleles 
RO .54 (6%) R3.1 (94%)
antibiotic markers 
oli-R (32%) 
oli-S (68%)
cross: RO.54/1-oli-R x R3.
antibiotic markers
oli-R ery-S (26%)
oli-R ery-R (14%)
oli-S ery-S (14%)
oli-S ery-R (46%)
0 11 (32%)
2 (6%) 21 (62%)
-ery-R
intergenic alleles
RO .54 (12%) R3 .,1 (88%)
2 (6%) 7 (20%)
1 (3%) 4 (11%)
0 5 (14%)
1 (3%) 15 (43%)
TABLE 3C
Transmission frequencies of antibiotic and intergenic markers: R X E 
crosses. Regarding the intergenic alleles two recombinant molecules were 
recoverd in the progeny: one having wt (wt recombinant) and another
(double mutant) having mutant alleles at both loci.
cross: RO.54/1-ery-R x E14.9/3
intergenic markers
RO .54 E14.9 wild type double mutant
antibiotic markers
(28%) (30%) (39%) (3%)
ery-R (45%) 4 (11%) 6 (17%) 6 (17%) 0
ery-S (55%)
cross: RO.54/1-oli-R-
6 (17%) 
■ery-R x E 15
5 (13%) 8 (22%)
.7/13
intergenic markers
1 (3%)
RO .54 E15.7 wild type double mutant
antibiotic markers
(19%) (16%) (62%) (3%)
oli-R ery-R (26%) 1 1 6 0
oli-R ery-S (22.5%) 2 1 4 0
oli-S ery-R (22.5%) 1 1 4 1
oli-S ery-^ . (29%) 2 2 5 0
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Correlated transmission. It is apparent that in both: E X wt_ and R X wt 
crosses intergenic alleles, and drug resistance alleles, were 
transmitted to progeny in covariant manner (Table 3A and 3B). In other 
words: when an allele (whether a "point" mutation of antibiotic
resistance or a deleted stretch of intergenic sequences) from one parent 
was transmitted with high frequency to the progeny, other alleles from 
the same parent were also transmitted with high frequencies, and vice 
versa. Thus, in crosses which gave biased output deletions of intergenic 
sequences influenced the transmission of an entire mtDNA molecule, not 
just the region immediately surrounding the sequence. While both 
intergenic loci examined influenced the transmission of all parts of the 
yeast mitochondrial genome, drug resistance allelism made little 
apparent difference. However, in general transmission frequencies of 
antibiotic marker alleles were slightly higher compared with the 
frequencies of the mutant intergenic allele from the same parental mtDNA 
molecule (Table 3A and 3B). Higher transmission frequencies of the 
alleles designating antibiotic resistance was presumably a result of 
recombination.
Reduced bias among recombinants. In most of the crosses summarized in 
Table 3A and 3B, the bias against progeny bearing intergenic deletions 
was lower (often substantially) among recombinants than among parental- 
types. For example, in the crosses of R0.54 or R2.9 to wild-type (Table 
3B), the transmission of the R allele among recombinant types was 
greater than or equal to the transmission of the R allele among the 
parental-types. A similar trend was observed in R0.54 X R3.1 crosses. In 
all but two (E14.9/3-ery-R X T4/4 and E15.7/10 X T12/l-ery-R) of the E X 
wt crosses (Table 3A) the bias against progeny having an E-type deletion 
was lower among recombinant than among parental mtDNA molecules. It is
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highly unlikely that the differences in bias among parental versus 
recombinant types were due to chance variability in all the crosses. If 
selection had occured entirely independently of recombination then a 
bias among the recombinants should resemble the bias observed among 
parental-types. The fact that the bias among the recombinants is lower 
than the parentals argues that the process of selection may be 
influenced by recombination.
It was noted in the previous section on transmission of antibiotic 
markers that the frequency of recombinants (Ra) was elevated in crosses 
involving intergenic deletion mutants (Tables 2A and 2B). This trend is 
also apparent in E X E cross (Table 3A) and the R X R crosses (Table 
3B) . For example, in cross E15.7/10 X E14.9/3-ery-R, where the 
complication of a transmission bias does not occur (both E mutations 
affect transmission equally), the frequency of recombinants was elevated 
to 40%. This elevation from the normal maximum 20-25% is significant. It 
is possible that participation in recombination somehow relieves 
negative selection due to intergenic sequence deletions, producing an 
elevated apparent recombination rate.
R X E crosses. When two strains having non-overlapping mitochondrial 
deletions were crossed, two classes of intergenic recombinants appeared 
in the progeny (Chapter 3 of this thesis) (Table 3C). Molecules with wt 
intergenic alleles represented around half of the progeny, and 
antibiotic alleles from both parents were distributed without bias on 
these recombinant mtDNAs (Table 3C). These results support the previous 
observation (see section Correlated transmission) that apparently 
allelism in the coding regions does not influence the transmission. The 
second class of intergenic recombinant mtDNAs have both deletions and
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these molecules appeared at very low frequency. It seems that wt 
recombinant mtDNAs with a full set of intergenic sequences exhibited a 
selective advantage over the other three classes of mtDNAs (double 
mutant and parental-types) and prevailed in the progeny even if the 
number of recombinants in a zygotic pool was likely to be much lower 
then the number of both parental molecules. The apparent recombination 
rate (Ra) between the antibiotic markers was elevated to 51% (Table 2C) , 
and to 45% (Table 3C). This may be a result of the strong selection for 
wt E X R recombinants.
The apparent elevated recombination rate between the antibiotic markers, 
the apparently higher recombination rate between antibiotic and deletion 
markers in some crosses, and the lower bias among recombinants concur 
with a phenomenon of positive coincidence observed in non-biased four- 
point crosses (Wolf et al, 1973) . This phenomenon, that the frequency of 
multiple recombinants was at least two to three times higher than that 
expected (for review see Dujon and Slonimski, 1976) and the above 
results, both suggest that mtDNA molecules which have undergone 
recombination exchange are preferentially transmitted to progeny.
It has been shown here and elsewhere (Chapter 3 of this thesis) that 
intergenic deletions at two loci designated E and R adversly affect the 
transmission of mtDNAs bearing those deletions to daughter buds in 
crosses to wild-type strains, though the deletions do not affect 
respiratory capacity (Chapter 2 and Chapter 3 of this thesis). In this 
chapter the results further suggest that selection against the mutant
genomes occurs during the process of transmission.
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DISCUSSION
Alleles of mitochondrial genes segregate rapidly during yeast mitotic 
divisions following mating of two cells, so that a heteroplasmic zygote 
cell eventually produces daughter cells that are all homoplasmic. When 
the parental cells form a zygote, the parental mitochondria also fuse in 
the zygote and mtDNA molecules mix and recombine (Dujon, 1981).
A number of laboratories have studied mitochondrial petite genomes which 
exhibited the suppressive phenotype in order to obtain an understanding 
of the transmission mechanism. Crosses between suppressive petites(with 
grossly distorted mtDNA sequence organization) and wild type strains 
produce a large proportion of zygotes that give rise to exclusively 
petite progeny (for review see Bernardi, 197 9) . To explain biased 
transmission in crosses with suppressive petites Gingold (1981) has 
proposed that zygotic clones possess a limited number of centers for 
replication or attachment of mtDNA molecules and that the input mtDNAs 
have to compete for these centers. Genomes with a competitive advantage 
would be preferentially transmitted to the progeny. This proposal is 
further developed in this discussion and Chapter 6 and supplemented with 
recent data on mitochondrial intergenic sequences from Bernardi's 
laboratory (Rayko et al, 1988) and Table 3 of this chapter.
In this chapter data were presented which suggest that intergenic 
sequences at two loci affect the transmission of mtDNAs lacking these 
sequences. Previous reports (for review see Birky, 1978; Zinn et al, 
1987) suggest that a small proportion of molecules segregate from a 
zygote pool and are transmitted to the progeny. However, this proportion
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is only apparently small and the first bud usually receives 
approximately one third of the total mtDNA present in the zygote (Sena 
et al, 197 6) . Thus, "different" genomes in a zygote must somehow compete 
for transmission to the buds. MtDNA molecules may compete for a limited 
number of replication centers in a zygote and/or for attachment centers 
which are directly involved in transfer of mtDNA molecules to the buds. 
Some intergenic sequences drastically decrease competitive ability of 
mtDNA when deleted (Table 3). It is apparent that ori/rep sequences with 
their flanking regions may provide a competitive advantage for yeast 
mtDNA molecules (Rayko et al, 1988; Chapter 3) and these sequences may 
act as "active center(s)" of molecules which contain them. Ori/rep 
sequences "formed" in a proper tertiary structure (Mangin et al, 1983; 
Rayko et al, 1988; Chapter 5 of this thesis) may provide a structural 
base for interactions between DNA of the mitochondrial genome and other 
elements involved in the process of selective transmission. Competitive 
advantage of a molecule containing proper intergenic sequences results 
in the "out-competition" phenotype, and most daughter cells contain 
descendants of this particular mtDNA.
The results presented here clearly show that the intergenic sequences 
(especially ori/reo sequences) studied here have a clear physiological 
function. However, ori/rep sequences are preferentially preserved even 
in mutant-respiratory deficient genomes. As mtDNAs from other yeast 
species lack any sequences homologous to ori/rep (Clark-Walker et al, 
1985b; data not shown), it is tempting to speculate that the ori/rep 
sequence evolved (invaded) relatively late in the evolution of the 
Saccharomyces mitochondrial genome. The variations in amount (C-value 
paradox) and structure (sequence) of intergenic sequences in yeast
mtDNAs can be seen as manifestations of processes that are of selective
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advantage in the metabolism of mitochondrial DNA in 
intracellular environment and which do not drastically 
respiratory phenotype.
a particular 
interrupt the
Chapter 5
SENSITIVITY OF INTERGENIC REGIONS OF YEAST MITOCHONDRIAL DNA 
TO SINGLE-STRAND-SPECIFIC NUCLEASES
published in FEBS Lett (1988) 238: 435-440.
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SUMMARY
The reactivity of mitochondrial DNA (mtDNA) sequences from Torulopsis 
qlabrata and Saccharomyces cerevisiae towards single-strand-specific 
nucleases has been examined. AT-rich stretches located in intergenic 
sequences from both yeasts were cleaved by nucleases when the sequences 
were contained in supercoiled plasmid DNA. In particular ori/rep 
sequences from the mtDNA of S.cerevisiae were shown to be sensitive to 
the single-strand-specific nucleases. The locations of the sensitive 
sites were related to the organisation of the sequence domains of 
ori/rep and the superhelicity of the DNA, as well as the presence of 
particular sequences.
It is proposed that distortions of the DNA duplex could be generated in 
mtDNA molecules in vivo and that these distortions may provide a 
substrate for enzymes involved irt transmission, recombination and/or 
transcription of mtDNA.
yeast mitochondrial DNA, intergenic sequences, single-strand-specific
nucleases
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I N T R O D U C T I O N
High nucleotide sequence homology has been observed between the coding 
regions of mitochondrial DNAs (mtDNAs) from various species. In 
contrast, non-coding regions of these mtDNAs show extreme sequence 
divergence (Clayton, 1982; Mignotte et al, 1987).
In the mtDNA of Saccharomyces cerevisiae the intergenic regions consist 
of long AT-rich spacers, various GC clusters and eight ori/rep sequences 
(DeZamaroczy and Bernardi, 1986). These intergenic sequences are known 
to be involved in excision-deletion processes leading to respiratory 
deficient "petite" mutants. It was demonstrated that these intergenic 
sequences are also involved in replication of yeast mtDNA (Bernardi, 
1979; Baldacci et al, 1984). However, recently it has been shown that 
several intergenic regions encompassing ori/rep are dispensable for 
expression of the respiratory phenotype(Chapter 2; Chapter 3 of this 
thesis). These particular intergenic sequences appear to enhance 
transmission of mtDNA to progeny and may be inherited in yeast mtDNA for 
that reason. A candidate for the sequences which facilitate transmission 
may be ori/rep and its adjacent sequences (Chapter 3; Chapter 4 of this 
thesis).
In the yeast Torulopsis qlabrata the mitochondrial intergenic regions 
consist only of a dozen short AT spacers including highly conserved 
oligonucleotide motifs (nonanucleotide, dodecanucleotide) (Clark-Walker 
et al, 1985b) which are proposed to be the origin(s) of replication 
(DeZamaroczy and Bernardi, 1987) .
As biologically active regions of DNA frequently exhibit a dynamic 
secondary structure, as detected by sensitivity to single-strand-
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specific nucleases (Cantor, 1981), various yeast mtDNA sequences were 
examined by this procedure in order to seek clues as to the possible 
functions of mitochondrial intergenic sequences. Here, the existence of 
nuclease sensitive structures induced by torsional stress in the 
mitochondrial intergenic sequences of two yeast species is reported.
7 5 .
M A T E R I A L S  A N D  M E T H O D S
Plasmids
Plasmids used in the following experiments are listed in Table 1 . The 
orientation of inserts in the plasmids is as follows. In pTGMl the Bglll 
site maps close to the PvuII site in the vector, and the reverse in 
pTGM2. In pTGM19 the gene cyt b is oriented towards the vector EcoRI 
site . The precise map and sequences of Torulopsis glabrata mtDNA 
inserts can be found elsewhere (Clark-Walker et al, 1985b). Plasmid 
pSCM107 (ori3 ) is described in Blanc and Dujon (1980) . The Avail sites 
in the insert of pTWl (oril) lie in the vicinity of the vector EcoRI 
site and the sequence of the insert can be found elsewhere (Maxwell et 
al, 198 6) . The insert from pTWl was recloned into the EcoRI and Hindlll 
sites of pUC18 reversing the orientation of the insert and creating 
pBB5/18. pBB5/C was constructed from the pTWl insert. The 0.46 kb Hpall 
fragment containing GC cluster C of ori/rep was cloned into the AccI 
site of pUC13. The insert's MboII site is oriented towards the vector's 
Hindlll site . The inserts are illustrated in Figures 2 and 3. When some 
additional subfragments from the pTWl insert were subcloned in pUC18/19, 
deletions and rearrangements in the inserts took place indicating that 
the constructs were unstable (data not shown and Maxwell et al, 1986).
Mapping of nuclease-sensitive sites
Approximately 5 micrograms of supercoiled plasmid DNA, prepared from
CsCl gradients, was used per digestion. The reaction buffer used
TABLE 1
Plasmids employed in ss-nuclease studies
Plasmid Description and Origin
pTGMl pBR328 plasmid with the 3.9 kb EcoRI fragment of Torulopsis 
glabrata mtDNA (containing genes for ATPase subunits and cyt 
ox subunits) inserted in the EcoRI site (GD Clark-Walker)
pTGM2 pBR328 plasmid with the same insert as in PTGMl but in 
opposite orientation (Clark-Walker)
pTGMl9 pUR250 plasmid with the 0.8 kb Bglll fragment of Torulopsis 
glabrata mtDNA (containing the 3' end of the cyt b gene) 
inserted in the BamHI site (Clark-Walker)
PSCM107 pBR322 plasmid with a 0.7 kb insert containing a permuted 
ori/rep sequence of Saccharomyces cerevisiae mtDNA inserted 
in the PstI site (H Blanc)
pTWl pUC9 plasmid with a 0.7 kb insert containing an ori/reo 
sequence of Saccharomyces cerevisiae mtDNA inserted in the 
HincI site (P Nagley)
PBB5/18 pUC18 plasmid with the same insert as pTWl, but in opposite 
orientation (this chapter)
pBB5/C pUC13 plasmid with the 0.46 kb Hpall insert containing the C 
GC cluster of the pTWl insert inserted in the AccI site 
(this chapter)
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throughout was 0.05 M sodium acetate pH 4.6, 1 mM ZnSO^ plus 0.2M NaCl
1
(high concentration buffer) or 0.05M NaCl (low concentration buffer). 
The DNA was digested with 30 units of mung bean nuclease or SI nuclease 
at 30° C for 20 minutes then extracted with phenol/chlorophorm. In some 
experiments, DNA was preincubated with ethidium bromide (Et-Br). As the 
preliminary results did not show any difference between the nucleases ( 
data not shown ) , the experiments were carried on mostly with mung bean 
nuclease. After ethanol precipitation the DNA was cleaved with 
restriction enzymes and the digests fractionated by electrophoresis in 
1.5% agarose. If necessary, gels were blotted onto nylon membranes and 
hybridized with plasmid inserts labelled with 32-P by the random primer 
method. Gel electrophoresis , blotting and labelling is described 
elsewhere (Clark-Walker and Sriprakash, 1981).
Nuclease sensitive sites were then determined from stained gels or from 
autoradiographs. DNA sizes were calibrated using standard markers : 
pBR322/HinfI , lambda/Hindlll , SPP-l/EcoRI (Bresa). Reference sites for 
mapping of the sensitive sites were: in pSCM107, the Pvul and Seal sites 
and the closest Hinfl site ; in pTWl , pBB5/18 and pBB5/C, the unique 
sites of the polylinker sequence and the Hpall site of the GC cluster B 
of ori/rep; in pTGMl and pTGM2, the Bglll and Mbol sites in the vector, 
and the PvuII and EcoRI sites in the insert ; in pTGM19, the Hhal and
EcoRI sites.
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R E S U L T S
The single-strand-specific nuclease (ss-nuclease) sensitive sites in 
each plasmid were mapped from at least two sites and from both sides. 
The experimental error in obtained DNA sizes was estimated to be + 10 bp 
in most experiments (where the examined sizes were smaller than 400 bp), 
except in the case of pTGMl and pTGM2 where the error was estimated to 
be +30 bp (here the examined sizes were around 900 bp). This is in 
accord with previous publications (Lilley, 1981) . Linear plasmids did 
not exhibit specific nuclease-sensitive sites as exhibited by 
supercoiled plasmid DNA (e.g. Figure 1A). All the sites considered in 
this paper are dependent on plasmid supercoiling.
Torulopsis glabrata mitochondrial sequences
In pTGMl, which carries approximately a quarter of the Torulopsis 
glabrata mitochondrial genome, two sensitive sites were detected in high 
salt buffer (Figures 1A and IB). Both were located within intergenic 
sequences and the location of these sites was identical in pTGM2 (Figure 
IB). One site was located 35+30 bp from the end of the 3' end of the 
gene ATPase sub9 and another one mapped 155+30 bp from the Bglll site 
which is located between the genes val tRNA and cyt ox sub3) (Figure 
IB). In low salt cleavage at these sites sites was intensified, but no 
new sites were observed ( Figure 1A).
In pTGMl9 (which carries the 0.8 kb Bglll fragment of T .glabrata mtDNA) 
one ss-nuclease sensitive site was detected at the high salt 
concentration and located 105+3.0 bp from the insert's Hhal site . A
second weaker site appeared at low salt concentration and it was located
S2- are designated as 1 and 2, and 1' and
Figure 1
CX.V
Sensitive sites in pTGMl and
A. Separation of DNA fragments from pTGMl: 1. Hindlll digest and
subsequent mung bean nuclease treatment, 2. mung bean nuclease in the 
high salt buffer and subsequent digestion with Hindlll, 3. mung bean 
nuclease in the low salt buffer and subsequent digestion with Hindlll, 
M. marker fragments with sizes in kb.
B. The insert from pTGMl and pTGM2 (3.9 kb) with arrows indicating the 
ss-nuclease sensitive sites. Both sites are located in intergenic 
domains. The diagram summarizes data shown in A and data from several 
other experiments with higher resolution (see Materials and Methods).
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within the same intergenic region between the genes metf tRNA and pro 
tRNA (Figure 2) . Jgüör Three sensitive sites in pTGMl/2 and pTGMl9 
plasmids were located close to the oligonucleotide motifs thought to be 
involved in DNA replication.
Saccharomyces cerevisiae mitochondrial sequences
Several sites sensitive to ss-nucleases were detected in plasmids 
carrying ori/rep sequences from Saccharomyces cerevisiae mitochondrial 
DNA ( pTWl, pBB5/18, PBB5/C (all oril) and pSCM107 (ori3)). The ss- 
nuclease sensitive sites were all located in the inserts, except in the 
case of the plasmid pBB5/C. Multiple sites of various intensities 
occurred in each case and their sensitivity was affected by salt 
concentration.
In the case of the plasmid pSCM107 (containing a permuted version of 
ori3) two sensitive sites appeared at the high salt concentration and 
were located within the rearranged ori/rep sequence ("270 bp region")( 
Figures 3A and 4). However in pTWl, containing a normal ori/rep (oril), 
no sites were observed within the 270 bp ori/rep region at high salt 
concentration- Instead two sites were located within the insert sequences 
flanking ori/rep sequence (Figure 3C). At low salt concentration new 
sites, of different intensity were induced in the inserts of both 
plasmids. The location of sites in pTWl was : 58j^ l0, 118 + 10/ 420^10 and 
704+10 base pairs from the first base of the GC cluster 'b' of the 
insert (Figure 3D). The plasmid pSCM107 exhibited the sensitive sites 
located 20+10, 260+10, 415+10 and 590+10 base pairs from the first base 
pair of the GC cluster C in the insert (Figure 3B). The location of site 
1 within the ori/rep sequence in pSCM107 (Figures 3A and 3B) appears to
Figure 2
The insert from pTGM19 (0.8 kb) with arrows indicating the relative 
sensitivity to mung bean nuclease in the presence and absence of Et-Br. 
The sites are designated as 1 and 2.(A) sites in the low salt buffer 
without Et-Br, (B) sites in the high salt buffer without Et-Br, (C) 
sites in the high salt buffer with 0.0001 mg Et-Br/ml, (D) sites in the
high salt buffer with 0.001 or 0.01 mg Et-Br/ml.
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Figure 3
Mung bean nuclease sensitive sites in inserts containing ori/rep and a 
rearranged ori/rep sequence. The broken line represents the ori/rep 
sequence. Arrow length designates the relative intensity of sensitive 
sites. GC-rich clusters in ori/rep are designated as A, B and C and GC 
clusters in adjacent regions as a' and b'.
A. and B. The permuted ori/rep sequence (ori3) with adjacent regions 
(0.7 kb) of pSCM107. A. high salt buffer, B. low salt buffer. The sites 
are designated 1, 2, 3 and 4.
C. and D. The ori/rep (oril) with accompanying domains (0.7 kb), of pTWl 
and pBB5/18. C. high salt buffer, D. low salt buffer. The sensitive 
sites are designated 1, 2, 3 and 4.
E. A fragment subcloned from the pTWl insert (oril, 0.46 kb). The sole 
ss-nuclease sensitive site was located in the vector at both salt
concentrations.
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be the same as that of site 3 located in ori/rep of pTWl (Figure 3D) 
within the error of our measurements (+10 bp). However, whereas sitel in 
pSCMl07 was sensitive in high salt, site3 in pTWl was sensitive only in 
low salt. The position of sites in pBB5/18 (insert reversed) was 
identical to those observed in pTWl ( Figures 3C and 3D). In pBB5/C 
which contains the GC cluster C of ori/rep with adjacent regions 
subcloned from pTWl, this site (3 in pTWl) was not sensitive to the ss- 
nucleases at all. A sensitive site in this plasmid appeared in the 
position located 545+10 bp from the PstI site in a close proximity to 
the Hgilll site in the vector ( Figure 3E). It is interesting to point 
out that a sensitive site was not detected in the vicinity of the 
hypothetical cruciform structure formed by the A and B GC clusters in 
ori/rep (Maxwell et al, 1986). In both plasmids (pTWl and pSCM107) the 
region flanking cluster C was sensitive towards the ss-nucleases , but 
the location of sites was different. In pSCM107 one of these sites (site 
4) was located within the 270bp ori/rep region ( Figure 3B). The 
sensitive site within the 270 bp ori/rep sequence was located close to 
the oligonucleotide motif presumed to be involved in mtDNA replication.
Ethidium-bromide experiments
Ethidium-bromide (Et-Br) changes the superhelicity of DNA by 
intercalating between the bases and unwinding the DNA. Ethidium first 
removes the natural negative supercoils and then introduces positive 
supercoils (Bauer and Vinograd, 1968). The effect of superhelicity on 
the occurrence of sensitive sites was examined with mung bean nuclease 
in presence of Et-Br. Experiments were performed in the high salt 
buffer. Marked changes in position and intensity of the sites were
Figure 4
Autoradiograph illustrating the influence of Et-Br on the occurence of 
nuclease sensitive sites in pSCM107. The plasmid DNA was digested by 
mung bean nuclease in high salt buffer and subsequently with Clal. The 
fragments were then hybridized with pSCM107 insert DNA. The sensitive 
sites are located in the insert (permuted ori/rep). 1. without Et-Br, 2. 
0.0001 mg of Et-Br/ml, 3. 0.001 mg of Et-Br/ml , 4. 0.01 mg of Et-Br/ml, 
M. marker fragments in kb. Sensitive sites are numbered from 1 to 4 and 
these numbers correspond to those in Figure 3A.
r
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observed when the concentration of Et-Br was increased (Figure 2, Figure 
4).The positions of induced sites corresponded to the position of the 
sites induced by the low salt concentration , but the relative intensity 
of the sites was different. The relative intensity also varied with 
increasing Et-Br concentration ( Figure 2, Figure 4). Multiple sensitive 
sites occured for each tested plasmid even in Et-Br experiments.
The mapping strategy employed here detected double-strand breaks. The
precise base cleavages of each site were not determined, so each 
detected site could exist as a "cluster" of cleavages. The discrete 
banding patterns indicated that cleavages occurred at specific sites. 
All of the segments of yeast mitochondrial DNA examined exhibited sites 
sensitive to ss-nucleases under torsional stress. These sites were 
located exclusively in AT-rich intergenic regions and sensitive sites in
previous reports that sensitive sites can correlate with early 
denaturation regions which often correspond to AT-rich sequences 
(Sheflin and Kowalski, 1984) . AT-rich sequences have been suggested to 
be structurally more variable, flexible and deformable (Sullivan and 
Lilley, 1986) . Sensitivity to ss-nucleases suggests localised 
alterations of the secondary structure, but the basis for ss-nuclease 
recognition is still not completely clear (Mirkin et al, 1987; Murchie 
and Lilley, 1987) . Even if the intergenic spacers of the mtDNA of 
T.qlabrata do not contain any GC clusters they exhibit a similar AT 
sequence pattern as in mtDNA of S.cerevisiae. This may provide a 
structural basis for the observed induction of ss-nuclease sensitive 
sites.
The induction of nuclease sensitive sites is not completely sequence 
related (Figure 3). A site between the GC clusters B and C was 
sensitive in pTWl (site 3) and pSCM107(site 1), but not in pBB5/C. 
Moreover, site 1 in pSCM107 was sensitive in high salt but site 3 in
These observations agree with the
pTWl was sensitive only in low salt. Similarly, the region flanking the
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GC cluster C was sensitive only in pSCMl07 (site 4) . These results 
suggest that a structural transition in DNA can be dependent on 
sequences that are distanced from those directly detected by the ss- 
nucleases. Similar phenomena were reported by Sullivan and Lilley 
(1986) .
Multiple sensitive sites characterized with different relative 
intensities occured in some of the plasmids ( Figure 1, 2, 3 and 4). 
Previously it was shown that more than one nuclease-sensitive site can 
occur in a given DNA domain, and the sensitivity and frequency of these 
sites depend upon the superhelical densitiy of the DNA (Carnevali et al, 
1984) and also on accompanying sequences (Sullivan and Lilley, 1986). 
The results underscore the importance of salt concentration and 
superhelicity of the DNA in the induction of nuclease-sensitive sites 
and frequency of their occurrence, and similar conclusions can be found 
elsewhere (Kowalski, 1984) . The influence of superhelicity on appearance 
and intensity of sensitive sites suggests that the examined sequences 
exhibit flexible structural properties.
The reactivity of these yeast mtDNA intergenic sequences towards the ss- 
nucleases in vitro raises the possibility that yeast mtDNA in vivo could 
suffer local structural changes in the intergenic sequences which are 
important in the function of those sequences. For example, in petite 
mutants it was shown that the intact primary sequence of ori/rep was not 
a sufficient requirement for enhanced transmission (Mangin et al, 1983). 
It is possible that ori/rep becomes functional in transmission only when 
specific secondary structure changes are induced in it, and that this 
induction is influenced by flanking sequences. The duplex distortions
may be necessary for recognition by other elements involved in the
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process of enhanced transmission (Blanc and Dujon, 1980; Chapter 3 and 
Chapter 4 of this thesis). Other consequences of altered structures in 
mitochondrial intergenic sequences may include: (i) the creation of hot­
spots for generation of mutant petite genomes, caused by open duplex 
structures sensitive to endogenous nucleases (Bernardi, 1979; Jacquemin- 
Sablon, 1979) and/or (ii) the provision of "premelted" structures for 
DNA replication in the vicinity of ori/rep in S.cerevisiae and 
oligonucleotide sequences in S.cerevisiae and T .glabrata(Baldacci et al,
1984; DeZamaroczy and Bernardi, 1987; Delouya et al, 1987).
Chapter 6
GENERAL DISCUSSION
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A single cell of Saccharomyces cerevisiae contains multiple copies of 
the mitochondrial DNA (mtDNA) (Birky, 1978) which are packaged into one 
(Hoffman and Avers, 1973) or many organelles (Stevens, 1977) . An 
important aspect of mitochondrial inheritance is the mode of 
transmission, that is the process of gene or genome flow from cell to 
cell and from generation to generation. Several phenomena, such as 
vegetative segregation and the output bias of certain alleles in the 
progeny of some crosses, partitioning, pairing and mixing of different 
genomes are characteristic of yeast mtDNA transmission. This thesis 
presents a novel approach describing the mechanisms and rules at the 
molecular level regarding transmission and their connection with other 
processes, such as generation and penetrance of cytoplasmic petite 
mutations, replication and recombination, which are characteristic of 
the inheritance of the yeast mitochondrial genome.
Due to the fact that mitochondrial genomes are present in many copies 
per cell, transmission genetics represents a problem in intracellular 
population genetics (Birky, 1978) . A particular methodology based on 
genetic crosses has therefore been developed to analyze the population 
of genomes within a yeast cell. A typical mitochondrial cross involves 
the formation of zygotes from the fusion of homoplasmic yeast cells with 
appropriate mitochondrial genotypes. Initially, zygotes from such a 
cross of two heteromitochondrial cells are heteroplasmic because they 
have received an input of mitochondrial alleles from each parent. The 
input ratio is not directly measurable; however it has been suggested 
and demonstrated in iso-nuclear crosses that the output frequency of 
mtDNA alleles in the progeny reflects the input frequency of mtDNA 
molecules in the zygote immediately following fusion of the parental 
cells. After cell fusion, parental cytoplasms mix and the pairing of two
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different molecules can result in detectable recombination (Dujon,
1981) .
After zygote formation, the first zygotic bud is initiated. Nuclear DNA 
replicates discontinously i-n a zygote and coincidently with bud 
initiation; while mtDNA replicates throughout the zygotic formation and 
maturation (Sena et al, 1976). At cell divisions, mother and bud receive 
samples of mitochondrial DNA molecules. A heteroplasmic zygote cell 
always gives rise to a mixed progeny composed of homoplasmic cells of 
different mitochondrial genotypes. The frequency of homoplasmic cells 
increases gradually during the first generations (Waxman and Birky,
1982) . This apparent separation of alleles is called segregation. The 
segregation pattern depends greatly on bud position: first buds derived 
from the very ends of the zygote, that is from one parental side or the 
other, contain primarily that parental mitochondrial genotype, whereas 
medial first buds usually yield progeny with alleles from both parents. 
(Strausberg and Perlman, 1978). Thus, a limited zone of mixing exists in 
a zygote (Zinn et al, 1987) .
Mitochondrial crosses producing heteroplasmic zygotes have been analysed 
for the output frequencies of genes at the level of final progeny after 
all cells are homoplasmic (Lukins et al, 1973; Wolf et al, 1973; Wilkie 
and Thomas, 1974; Dujon et al, 1974) . These results (Figure 1A) have 
provided the first insight into the molecular mechanisms operating 
during transmission. A model, somewhat analogous to the bacteriophage 
genetic model (Visconti and Delbrück, 1953), derived from the 
transmission of various drug markers in mitochondrial crosses, has been 
developed describing the mechanisms and rules of mitochondrial
inheritance (Dujon et al, 1974). The most important premises of this
Figure 1
Various crosses between yeast strains having different mitochondrial 
genomes and relative frequencies of particular alleles or genomes, 
respectively, in the progeny.
A.
A cross between isonuclear yeast strains having mutant (a "point" 
mutation in the coding region due to drug resistance) or wild-type 
alleles of a particular coding sequence and the resulting progeny 
(reviewed in Birky, 1978 and Dujon, 1981) .
B.
A cross between yeast strains having a highly suppressive petite 
(composed only from particular intergenic sequences) or wild-type genome 
and the resulting progeny (reviewed in Bernardi, 1979) .
C.
A cross between two yeast strains having a deletion or wild-type allele 
located in a particular intergenic locus and the resulting progeny
(Chapter 3 and 4).
A
p a r e n t s wild-type mtDNAs X
transmission V
p r o g e n y wild-type mtDNAs
B
p a r e n t s wild-type mtDNAs X
transmission
p r o g e n y wild-type mtDNAs «
c
p a r e n t s wild-type mtDNAs X
transmission V
p r o g e n y wild-type mtDNAs >
drug resistant mutant mtDNAs 
("point" mutations in coding regions)
drug resistant mutant mtDNAs
suppressive petite mtDNAs 
(multiplied and rearranged 
intergenic sequences)
suppressive petite mtDNAs
deletion mutant mtDNAs
(deletions of intergenic sequences)
deletion mutant mtDNAs
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model (Dujon's model) and extended models (Birky, 1978; Birky et al, 
1978; Dujon, 1981; Birky, 1983) are:
(1) effectively random pairing and recombination between different mtDNA 
molecules of a cell, thus a zygote represents a panmictic pool;
(2) random sorting out (partitioning) of mitochondria and mtDNA 
molecules and random segregation due to random drift of the mean allele 
frequency.
These premises imply that the output frequency of mitochondrial alleles 
in the progeny of a cross between iso-nuclear parents reflects the input 
frequencies of mtDNA molecules. In other words, the possibility that 
selection operates among different molecules in the same pool has been 
neglected (Figure 2).
A heteroplasmic state of the mitochondrial pool is characteristic for a 
zygote when two homoplasmic cells with different mitochondrial genotypes 
fuse. However, due to the "aberrant" structure (Ehrlich et al, 1972; 
Chapter 5), the yeast mitochondrial DNA is very prone to spontaneous 
deletions and rearrangements, leading to mutant genomes (Bernardi, 
1979), and thus a transient short-living heteroplasmic state regularly 
occurs naturally in yeast cells. Yeast cells constantly give rise during 
their growth to mutants (petite) which are stable in vegetative 
reproduction and are characterized by a reduced colony size on solid 
media in which a fermentable carbon source is the limiting factor. The 
reduced colony size is due to a respiratory deficiency of the mutant 
cells which represent around 1% of all colonies. However, cells from 
large, respiratory competent colonies (grande), again and again produce 
the two types of colonies, grande and petite, while the cells from 
petite colonies give rise to small colonies only (Ephrussi, 1949; 
Ephrussi et al, 1955) . MtDNAs from petite mutants have been shown to
Figure 2
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have a grossly altered primary structure due to large deletions and 
rearrangements (Bernardi, 1979). The most striking feature of petite 
mutants, regarding transmission and penetrance of the petite mutation, 
is the suppresivity phenotype of some petites. Namely, in crosses of a 
particular petite mutant with a wild-type strain, an anomalously large 
proportion of homoplasmic clones derived from the zygotes consist 
entirely of petite cells (Ephrussi et al, 1955).
Hypersuppressiveness is defined by the criterion that, even if input of 
both parents is similar, close to 100% of daughter cells are entirely 
composed of petite genomes (Figure IB). MtDNA molecules of 
hypersuppressive petites share a common sequence organization: they all 
contain a homologous, about 270 base pairs long, intergenic region: an 
ori/rep sequence (Goursot et al, 1980; Blanc and Dujon, 1980). Bias in 
output observed in crosses between iso-nuclear suppressive petite and 
wild-type strains contradicts the implications of the Dujon model that 
output frequencies of alleles reflects their input frequencies because 
petite mutants contain only as much mtDNA as do wild-type strains. This 
model also fails to explain the contradiction between the proposed small 
proportion of segregating mitochondrial DNA molecules, as indicated by 
the results on transmission of drug markers in various crosses (Lukins 
et al, 1973; Wolf et al, 1973; Wilkie and Thomas, 1974; Dujon et al, 
1974), and the observation that the average quantity of mtDNA in a first 
bud is approximately one third that of the zygote (Sena et al, 1976). 
Both "discrepancies" mentioned above are compatible with a proposal of 
selective segregation where mtDNA molecules compete for transmission to 
progeny (Gingold, 1981) . However, until recently there was no direct 
evidence for a cellular mechanism preventing random transmission.
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Recently developed procedures based on genome crosses (Clark-Walker et 
al, 1985) (Figure 3) have enabled the manipulation of mtDNA molecules of 
Saccharomyces cerevisiae in vivo, and the generation of smaller 
mitochondrial genomes lacking various intergenic regions encompassing 
ori/rep sequences (Chapters 2 and 3). These "mutant" mtDNA molecules 
have been demonstrated to be a useful tool in studies concerning the 
inheritance of the yeast mitochondrial genome (Chapter 3).
Intergenic regions represent around 60% of the total genome size 
(DeZamaroczy and Bernardi, 1985) and at least some of them have been 
shown to be dispensable for expression of the respiratory phenotype 
(Chapter 2 and 3). However, when a respiratory competent strain having 
mtDNA characterized with an intergenic deletion is crossed with a wild- 
type strain, a strong bias towards transmission into the progeny of 
mitochondrial loci lacking the intergenic deletions is observed, even if 
the mutant contains as much mtDNA as the wild-type parental strains 
(Chapter 3 and 4) (Figure 1C). In crosses with yeast mitochondrial 
genomes, lacking some of the intergenic sequences, and marked by drug 
markers residing in coding sequences, transmission of genetically 
unlinked drug markers is diminished when an intergenic sequence is 
deleted on the same molecule (Chapter 4). When a deletion mutation 
recombined into another genome, transmission efficiency of the other 
alleles of the recombinant genome was decreased, and vice versa when a 
drug marker from a molecule having an intergenic deletion recombined 
into a genome having a wild-type set of intergenic sequences, 
transmission increased. While an intergenic locus influences 
transmission frequency of mitochondrial alleles, allelism in coding 
regions made little apparent difference (Chapter 4). Thus, it is
Figure 3
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apparent that some intergenic sequences have a role in transmission of 
the yeast mitochondrial genome.
The main conclusion about transmission of yeast mtDNA in crosses with 
deletion mutants is that the relative number of genetically active 
molecules of each parent entering a zygote (input) does not absolutely 
determine the relative frequencies of alleles in the progeny (output). A 
certain "clone" of molecules can be "diluted" or "multiplied" during 
cell divisions, according to its transmission capacity at least partly 
determined by its intergenic regions. Thus, intracellular genomic 
selection, distinguishing between various mtDNA molecules, operates at 
one stage during the process of transmission. From experiments on 
hypersuppressive petites (Blanc and Dujon, 1980; Goursot et al, 1980), 
it becomes clear that ori/rep sequences provide the main competitive 
advantage in transmission of mtDNA. However, intergenic sequences 
flanking the ori/rep sequences also play a role in modulating the 
transmission efficiency of a particular genome, and sequences affecting 
transmission capacity seem to be unevenly distributed on the yeast mtDNA 
molecule (Rayko et al, 1988; Chapter 3). It is likely that intergenic 
sequences participate in modulation of the transmission capacity through 
their contribution to the tertiary structure of a mtDNA molecule; 
however particular regions (ie. ori/rep) which may come into direct 
contacts with other elements involved in the process of transmission may 
be of primary importance (Chapter 5). I propose that a new designation, 
"tra", should be used for loci particularly active in enhanced 
transmission of mtDNA, even if some of these sequences (ie. ori/rep) are 
indeed genetically linked to the sequences involved in initiation of the
mtDNA replication.
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The existence of selection during transmission raises a question how the 
selective mechanism operates. The hypersuppresivity phenotype suggests 
that short sequences bearing ori/rep/tra elements can "saturate" an 
apparently limited number of the elements involved in transmission of 
mtDNA and thus out-compete other mtDNAs present in the same cell. This 
mode of action may be similar to the competitive inhibition of an enzyme 
by a second substrate (Dixon and Webb, 1959) . MtDNAs from other yeast 
species related to Saccharomyces cerevisiae lack any sequence homologous 
to the ori/rep/tra element. This fact and the involvment of this 
sequence in spontaneous breakdown of the mitochondrial genome leading to 
respiratory non-functional petite genomes, suggests that a proto- 
ori/rep/tra sequence has evolved relatively recently in the evolution of 
the modern genome (Chapter 4). Thus, it may be that this sequence 
represents a kind of genetic symbiont (selfish DNA, Orgel et al, 1980) 
that has maintained itself in the genome through active participation in 
intergenomic selection. This supposition raises another question: can 
the ori/rep/tra sequence element and other active intergenic sequences 
interact and/or modify the other elements involved in selective 
transmission and if so, how.
At the moment it is still uncertain which steps in the process of 
transmission are influenced by intergenic sequences, and thus represents 
a bottle neck for different mtDNA molecules. There are at least two 
possibilities. Some authors (Goursot et al, 1980; Blanc and Dujon, 1980) 
have postulated that suppressivity might be a consequence of a selection 
advantage for replication due to the amplification of the repeat unit 
containing the ori/rep/tra element in the suppressive petite genomes. 
Indeed, ori/rep/tra sequences have been demonstrated (Baldacci et al, 
1984) among some other sequences (Hyman et al, 1983) to initiate
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replication of mtDNA. Replication of mtDNA in a heteroplasmic cell can 
be understood as the first event in the process of mtDNA transmission 
following input. Intergenic sequences (tra) may provide an advantage in 
competition for replication machinery by interacting preferentially with 
a limited number of replication sites in mitochondria. Thus, one or a 
few of certain "preferred" molecules from a large pool can generate a 
clone of molecules which outnumbers the other mtDNA molecules in a cell, 
and subsequently all molecules are randomly partitioned between daugther 
cells. In this case vegetative segregation would be a consequence of 
"out-competition" during the replication cycle. This mechanism can also 
explain previous observations that only a small number of distinctive 
genetic units might be transferred from a zygote to the progeny (Dujon 
et al, 1974; Zinn et al, 1987) and at the same time these units 
represent about half of the total mtDNA in the zygote (Sena et al, 
1976). In such a case distinctive units would represent clones of mtDNA 
molecules originating from a small number of the parental molecules 
exhibiting a selective advantage. However, the replication of petite 
genomes measured in zygote cells has shown that apparent "out- 
replication" can be characteristic of only some suppressive petites. 
Other suppressive petite strains can carry genomes without an apparent 
replicative advantage (Chambers and Gingold, 1986) . Thus, another 
selective mechanism may exist together with the mechanism based on 
competition for a limited number of the replication "sites" in a cell. 
It has been suggested that partitioning of molecules between daughter 
cells may be deterministic and thus responsible for vegetative 
segregation and biased output in some crosses with suppressive petites 
(Fangman and Dujon, 1984; Chambers and Gingold, 1986). Indeed, it has 
been shown that partitioning of some yeast organelles, other than
mitochondria, between mother and daughter cells does not occur at random
93.
(Weisman and Wickner, 1988), but it has also been demonstrated that a 
yeast zygote attempts to "insert" equal numbers of mitochondria from 
each parent, and thus possibly equal numbers of mitochondrial genomes, 
into the first bud regardless of the mitochondrial genetic events 
characteristic of a cross (Aufderheide and Johnson, 1976). However, even 
if one assumes that intergenic sequences are also involved in 
deterministic partitioning, it is hard to explain how a cell can 
distinguish mitochondria with different mtDNA molecules or different 
mtDNA molecules through the double mitochondrial membrane system.
Nevertheless, whatever the bottleneck mechanisms in transmission are, it 
is clear that output frequencies of alleles can be modified during the 
process of transmission and they can not be interpreted as a straight 
reflection of the initial quantitative state of a heteroplasmic cell. 
Thus, the implications of the Dujon model can be valid only for certain 
crosses where neither of the parental genomes possesses a selection 
advantage. The suggested mode of transmission implies that the petite 
frequencies observed in various strains are a reflection of the 
selection mechanisms operating in a yeast cell, rather than a direct 
quantitative reflection of the intial events in spontaneous breakdown of 
mtDNA. Penetrance of a petite mtDNA molecule may also be impaired by its 
initial location in the cell due to limited intracellular mixing of 
mtDNA.
Petite mutations associated with large deletions in the circular mtDNA 
molecule have been reported for some other yeast species in addition to 
Saccharomyces genus. Even if a potential ancestral oligonucleotide 
sequence has been inferred from modern intergenic sequences, intergenic
sequences do not exhibit extensive homology between various yeast
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species (DeZamaroczy and Bernardi, 1987). This raises the interesting 
question of whether particular sequence elements analogous to 
ori/rep/tra sequences exist in mtDNAs of other yeasts and whether their 
mode of transmission of mtDNA is similar to that in Saccharomyces 
cerevisiae.
In conclusion, even if the most important phenomena that require 
explanation have been identified, the transmission mechanisms of the 
yeast mitochondrial genome does not appear to be coming of age. Most of 
the recent molecular approaches to understanding the inheritance of 
mtDNA have been on the gene level. However, there are still a lot of 
puzzles to be solved on the genomic level, and research on non-coding 
intergenic sequences will play a significant role in further 
understanding of genome inheritance.
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AI Chemicals, enzymes, media and buffers
All chemicals and enzymes (including restriction enzymes) used were 
obtained as commercial products from various companies. Most of the 
reagents were AR grade.
Media used were described in appropriate sections of the previous 
chapters .
1XSSC buffer contains 150mM NaCl, 15mM sodium citrate pH 7.0.
TE buffer contains lOmM Tris-HCl, ImM EDTA, pH 8.0.
All buffers used in connection with the enzymes were prepared following 
the instructions provided by the producer.
A2 Isolation of mtDNA
Yeast cultures were grown in glycerol or glucose media overnight at 30 
C. Cells were harvested at 5,000 rpm/5 min, washed once in the following 
buffer: 0.5M sorbitol, 0.05M EDTA pH 8.5, and resuspended in a 
protoplasting solution. This solution contained: 0.5M sorbitol, 0.05M
EDTA pH 8.5, 14mM beta-mercapto-ethanol and 4 units of zymol^ase/ml. The 
cell suspensions were incubated at 30° C for about one hour and the 
protoplasts were separated from debris by centrifugation for 5 minutes 
at 5,000 rpm. The protoplasts were disrupted by the addition of 50mM 
EDTA pH 8.5 containing 0.2% sodium dodecyl sulphate. Immediately after 
resuspending protoplasts in the above solution, lpl/ml of diethyl 
pyrocarbonate was added and the solution incubated in a water bath at 70 
C for 15 minutes. Then 0.125 ml/ml of 5M potassium acetate was added to 
eliminate the detergent. The precipitate was pelleted (7,000 rpm/20 min) 
and the supernatant was used to make CsCl gradients. 8.6 g of CsCl and 
0.2 ml of the dye bisbenzimide were added to the DNA solution which was 
then made up to 10.5 ml by addition of 0.1 M EDTA pH 7.5. The gradient
was formed at 40,000 rpm over 48 hours. DNA was visualised in the
A-2.
gradient by ultra-violet light (long-wave) excited fluorescence and 
mitochondrial DNA (with a lower buoyant density than nuclear and 
ribosomal DNA) was extracted by side-puncture of the "gradient” tubes 
using a needle. Bisbenzimide was removed from the DNA by three to six 
extractions with 5M NaCl-saturated propan-2-ol. Samples were dialysed 
against ImM Tris, 0.ImM EDTA, pH 7.5 buffer. The remaining proteins were 
removed by an extraction with phenol and chloroform. DNA was 
precipitated at -20^C by the addition of 3.5 volumes of ethanol/amonium 
acetate (420ml of absolute ethanol plus 70ml of ammonium acetate) . The 
DNA precipitate was collected by centrifugation (10,000 rpm/10 min), 
washed with absolute ethanol, dried and resuspended in lOmM Tris, ImM 
EDTA, pH 7.5 buffer.
A3 Agarose gel electrophoresis
Flat bed gel electrophoresis was performed using 0.6%-1.5% agarose in 
the following buffer: 40mM Tris, 5mM sodium acetate, ImM EDTA, adjusted 
to pH 7.8 by acetic acid. Ethidium bromide was added lpg/ml 
immediately before use. Samples were loaded into the wells through a 
3-4mm overlay of the electrophoretic buffer and run overnight at 40-60mA 
constant current. Gel photography was under long-wave ultra-violet 
illumination through an amber filter.
A4 Transfer of DNA to nylon membranes
After electrophoretic separation of restriction fragments gels were 
washed in 0.5M NaOH and left in the same solution shaking for half an 
hour. DNA was transferred to nylon (Biodvne) membrane (prewetted in 0.5M 
NaOH). After several hours the membrane was removed, rinsed for 10 min 
in 2XSSC, and baked at 80üC in a vaccum oven for two hours.
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A5 32-P labelling of DNA
Closed ciricular DNAs to be labelled were first cut with an appropriate 
restriction enzyme, and then melted at 100° C for three min in the 
presence of 50 pg random primers prepared from calf thymus DNA. The 
mixture was cooled on ice to allow the random primers to anneal with the 
sample DNA. The reaction mixture contained Klenow polymerase buffer, lug 
each of dCTP, dGTP and dTTP, 1-4 pi of alpha-32-P dATP and 1 unit of the 
Klenow fragment of DNA polymerase I. The reaction proceeded at 37°C for 
one hour and was stopped by incubation at 70°C for three min. DNA was 
precipitated with ethanol, and non-incorporated labelled dATP was 
decanted. Pelleted labelled DNA was washed twice with ethanol to further 
remove mono- and short oligo-nucleotides. The probes were then 
resuspended in an appropriate volume of lOmM Tris, ImM EDTA, pH 7.5 
buffer and stored at -20°C.
A6 DNA-DNA hybridization
Membranes to which DNA had been transferred were sealed in plastic bags 
with 5-10 ml of hybridization mixture comprising 0.2% bovine serum 
albumine, 0.2% Ficoll, 0.2% polyvinyl pyrolidone PVP 360, 0.1% sodium 
dodecyl sulphate, lOmM HEPES (N-2-hydroxyethyl piperazine- 
N'-2-ethanesulfonic acid) pH 7.0, 18 jjg/ml calf thymus DNA, 10 ug/ml 
E .coli tRNA, in 3XSSC. Prehybridization was carried out for one hour at 
58°C. Labelled probe DNA, which was melted for 3 min at 100°C, was added 
to the membranes and incubated at 56° C for several hours (usually 
overnight). The membranes were then washed in 1XSSC at room temperature 
and latter in 1XSSC with 0.1% sarcosyl at 56°C. Autoradiography was 
carried out at -80°C using an intensifier screen.
A7 Electroelution of DNA from gels
A - 4 .
Fragments of mtDNA to be cloned or used in hybridization experiments 
were separated on a 0.6% agarose gel. Particular DNA bands were 
identified under long-wave ultra-violet illumination and a piece of gel 
directly below each band was cut out to allow the band to be eluted into 
the space. Electroelution of DNA was achieved by short pulses (45 sec) 
at 80-100mA current. The gel was not overlaid with buffer during 
pulsing. The space was filled with fresh buffer and the buffer with 
eluted DNA was collected after each pulse. Electroeluted DNA was 
"purified" by phenol-chloroform extraction to remove agarose debris, and 
then precipitated by ethanol.
A8 Cloning and characterization of recombinant plasmids
Fragments of mitochondrial DNA were cloned into pUC plasmids (pUC13, 
pUC18 and pUC19) or bacteriophage M13 replicative form (mpl8 and mpl9) 
directly from isolated mtDNAs or indirectly from recombinant plasmids 
containing mtDNA. The fragments to be cloned were ligated into the 
vectors using sticky ends compatible with the vector polylinker sites. 
Competent cells for the transformation of Escherichia coli strain 
/\M15RR1 (Alacpro, leu, thi) by recombinant DNA molecules were prepared 
by treatment of a culture in the logarithmic phase of growth with CaCl 
at 0°C. Selection of transformed colonies in the case of pUC plasmids 
was on ampicillin (20mg/l) plates and in the case of M13 DNA on the 
basis of plaque apparance (areas of retarted growth due to infection 
with the M13 phage). Recombinant DNAs carrying insert DNA were 
distinguished from self-ligated non-recombinant DNAs on the basis of 
colour development (colourless for recombinant and blue for non­
recombinant transformants) on selective plates containing IPTG 
(isopropyl-beta-D-thio-galactopyranoside) and X-gal (5-bromo-4-chloro- 
3-indolyl-beta-galactoside). In the case of insertion of a DNA fragment
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into the polylinker sites of pUC plasmids or M13 replicative form DNAs 
the vector lac gene is disrupted. Thus the enzyme activity which turns 
the IPTG/X-gal reagents blue is not expressed resulting in colourless 
colonies or plaques.
Potential recombinant colonies were screened for their DNA by the 
following method. The cell pellet derived from an approximately 2mm 
diameter colony grown on solid media overnight was collected and 
resuspended in 25pl of TELT-buffer (50mM Tris-HCl, 50mM EDTA, 2.5M LiCl, 
0.5% TritonX-100, pH 8.0). Then 2pl of a freshly prepared aqueous 
solution of lysozyme (10mg/ml) was added. The tube was then capped, 
mixed and placed in boiling water for 60sec. After cooling on ice for 
several minutes, the precipitate was removed by centrifugation in an 
Eppendorf microfuge for 10min to pellet debris. LiCl removed rRNA and 
protein aggregates from lysates. The DNA in the supernatant was then 
precipitated with ethanol and resuspended in an appropriate buffer 
(usually TE). This procedure yields enough DNA to detect DNA-bands on 
agarose gels. Furthermore, DNA is pure enough to be directly subjected 
to restriction endonuclease digestion.
Recombinant M13 DNAs were analysed on agarose gel as single-stranded 
DNAs (see further sections).
If necessary, gels with recombinant DNAs were blotted and the nylon 
membrane hybridized to appropriate 32-P probes.
A9 Preparation and sequencing of single-stranded M13 DNA
After overnight growth, cells (E.coli JM103; Alacpro, thi, strA, supE, 
encLA, sbcB15, hsdR4, F'traD36, proAB, lacIZ M15) transformed with M13 
DNA formed plaques. Infected cells from potentially recombinant 
colourless plaques were grown up to produce single-stranded template for
sequencing reactions.
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Tubes containing 1.5ml of TY medium (1.6% bactopeptone, 0.8% yeast 
extract, 0.8% NaCl) were inoculated with colourless plaques. The 
cultures were grown for 5 hours and then centrifuged for 5min in an 
Eppendorf microfuge. Supernatant was poured into a fresh tube and 200ul 
of PEG/NaCl (20% polyethylene glycol 6000, 2M NaCl) was added. Following 
mixing and incubation the solution was centrifuged (Eppendorf microfuge) 
for 5min and supernatant discarded. The viral pellet was resuspended in 
0.1ml TE and extracted with phenol. The DNA was precipitated with 
ethanol and redissolved in TE buffer. Obtained single-stranded DNA was 
checked on agarose gel.
Sequences of recombinant M13 DNAs were determined by the dideoxy chain 
termination procedure (Sanger et al, 1977) with alpha-32-PdATP and a 
synthetic heptadecamer primer (dGTAAAACGACGGCCAGT) using the Klenow 
fragment of DNA polymerasel. Samples were run on approximately 50cm 5% 
acrylamide gels in the presence of 7M urea and Tris-borate buffer. After 
electrophoresis gels were dried on a gel drier and exposed to Kodak
film at room temperature.
